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Particles originating from bacteria, fungi (including mold spores, mildew, yeast), 
pollen, dust mites, and viruses can induce immune responses that trigger allergies and 
asthma, if not outright infection.  Carpeting is believed to act as a “sink” where 
bioparticulates are trapped via adhesive interactions and then are released by foot traffic 
or cleaning.  This scenario can result in an accumulation of contaminants at higher levels 
than would be found outdoors or in a carpet-less environment.  Numerous organizations 
(e.g., school districts, hospitals) have taken steps to remove carpeting1-4, even though this 
hypothesis remains unproven. While statistical studies exist both in support and denial of 
the accumulation hypothesis, there is little fundamental understanding of the 
microscopic-level interactions between carpet and bioparticles.  A fundamental 
understanding of particle affinities with polymers utilized in carpet would help to develop 
accurate models and address real problems in a rational and productive manner. 
 
In addition, a solution to the bioparticulate accumulation problem would have a 
profound impact on US health, resulting in significant economic savings. More than 20 
million people suffer from asthma in the U.S., with children being the most vulnerable.  
In 2000 there were 9.3 million physician office visits and 1.8 million emergency room 
visits due to asthma alone, resulting in an estimated $9.4 billion in medical costs and $4.6 




In this thesis, two measurement techniques were developed to quantify the 
adhesive interactions between biological particulates and polymeric carpeting materials. 
Atomic force microscopy (AFM) was used to measure the adhesive interactions of 
relevant biological particulates (in this case the E. coli bacteria and A. artemisiifolia 
ragweed pollen grains) with Nylon-6 and Nylon-6,6, polyamide-12 and polystyrene. The 
adhesion force measurements were modeled using several adhesion theories.  We found 
that the Hamaker models were sufficient for explaining the data, indicating the 
prominence of van der Waals forces in controlling bioparticle interactions with 
polyamides.  In addition, the geometry of the pollen played a significant role: adhesion 
forces were approximately a multiple of the number of contact points the grain has with 
the surface.  Forces for E. coli and polyamides were about the same magnitude as 









Aerial transmission of pollutants has serious implications for indoor air quality. 
The American Lung Association,5, 6 the Environmental Protection Agency,7 and others8 
have published numerous reports that point to interior carpeting and rugs as significant 
contributors to indoor air “pollution”. Such pollutants include organic contaminants and 
particulate matter of both biological and non-biological origin. 
 
Success of aerial transmission relies on the large numbers of particulates that are 
produced. It is the bioparticulates that are believed to be particularly aggravating to those 
who suffer from asthma, allergies, and other adverse lung conditions. Particles 
originating from bacteria, fungi (including mold spores, mildew and yeast), pollen, dust 
mites, and viruses can induce immune responses that trigger allergic and asthmatic 
reactions. Airborne fungal spores have been blamed for building-related illnesses. 
Typical concentrations of airborne biological particles indoors are within the range of 10-
1000 m-3, but may reach as high as 106 m-3 .5  
 
Carpeting acts as a “sink” where bioparticulates are trapped via adhesive 
interactions, and then are released by foot traffic or conventional vacuuming 9, 10. This 
scenario (Figure 1-1) results in an accumulation of particulate contaminants at higher 
levels than in a carpet-less environment.  
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However, it is not clear under what situations this accumulation cycle actually occurs 
to an extent that is harmful to indoor air quality. For example, recent studies have 
indicated that humidity, particle-type, carpet-type and cleaning methods have a profound 
impact on the outcome 5. In fact, these factors may determine whether carpet is a help or 
hindrance to air quality. A solution to these problems based upon solid, fundamental 
measurements would have two positive impacts: 
(1) the public perception and legal ramifications could be improved, and 
(2) the health of millions suffering from allergies and asthma could be improved, 
along with significant economic savings. 
 
Statistics surrounding these issues are readily available. For example, in 2001 more 
than 20 million people suffered from asthma in the U.S. alone 11. Children between the 
ages of 5 and 17 had the highest rate 6. In 2000, there were 9.3 million physician office 
visits, 1 million hospital outpatient visits and 1.8 million emergency room visits due to 
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asthma 6. Other than being a potentially fatal condition to some people, asthma resulted in 
an estimated $9.4 billion in medical costs and $4.6 billion in lost productivity, including 
over 10 million lost school days annually at a cost of $1.4 billion 12. Asthma is not the 
only health concern raised by bioparticulates. Infectious diseases such as influenza, 
measles, and chicken pox are also transmitted as indoor air pollutants, and molds and 
mildew can release disease-causing toxins. 
 
Increasing attention has been focused on the quality of indoor air and its health 
implications. Air-tight buildings block out nature’s ability to clean the air. Prior to the 
energy crisis, most homes were not particularly energy efficient. Small openings in the 
structure were usually left unsealed so fresh air passed freely through them, diluting and 
carrying indoor particulates. 
 
The energy crisis of the 1970s led to a new building design philosophy in the 
United States. People were advised to insulate and make their homes more air-tight in 
order to conserve energy. One of the results of reducing the introduction of air into the 
house, and preventing the escape of conditioned or heated air, was a reduction in the 
ventilation of buildings and a corresponding decrease in the quality of indoor air. It is 
believed that resources saved on energy by making buildings more air-tight have been 
spent in part on medical bills for resulting health problems. 
 
An inadequately designed air-tight building may suffer from deficient ventilation 
and increased moisture problems in the interior. Homes with increased relative humidity 
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suffer from a plethora of problems, not least of which is the provision of an environment 
in which an abundance of organisms can thrive. The presence of large numbers of micro-
organisms and their debris, together with particulates of non-biological origin in the 
indoor air is often the source of disease in human beings through asthma, allergies and 
infections 13.      
 
Allergy and asthma are closely related. Asthma is the most common chronic 
illness in childhood and is characterized by variable airflow obstruction with airway 
hyper-responsiveness. In the US, there has been an increase by about 100% in the 
incidence of asthma from 1980 - 1995 14. 
 
Carpet in its various forms has been a common indoor feature for many years. 
There are numerous advantages to having carpets in our homes and commercial spaces. 
These include their aesthetic appeal, comfort, economy, thermal and sound insulation 
properties as well as safety considerations. While there is some debate over which 
interior environment provides the main foci for bio-contaminants, it is generally accepted 
that carpets act as strong particle sinks. Carpet has been observed to have higher surface 
loadings of bioparticulate contaminants than tiled floors, while airborne levels were 
significantly higher over tiled floors 15. 
 
One of the most common recommendations for persons with allergies and asthma 
is allergen avoidance. For this reason, health care practitioners generally recommend the 
removal of carpets. This recommendation is frequently made despite very little 
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knowledge about the difference between the accumulations of particulate contaminants in 
a carpetless versus carpeted environment. Carpet characteristics that influence its ability 
to act as a sink for particulates are also poorly understood 15. Indeed, carpet is usually 
described as “wall-to-wall” or “fitted”, with no mention of its age or condition, fiber 
content or construction characteristics.  
 
Little consideration is given to the possibility that the presence of carpet may 
directly benefit some people in their homes. The primary goal of this thesis is to provide 
a methodology and initial data that can be used to identify the characteristics that control 
bioparticle adhesion.  By identifying these characteristics it may be possible to design 
carpeting materials that improve indoor air quality.  In addition, this data will help to 
dispel unfounded claims about carpet’s role in the bioparticle accumulation process.   
 
1.1 CARPET CHARACTERISTICS 
 
1.1.1 COMFORT, THERMAL, AND ACOUSTICAL PROPERTIES 
 
Carpets have been appreciated by many cultures over the centuries. Prior to the 
invention of the power loom by Erasmus Bigelow in America in 183916, woven carpets 
were mainly restricted to the upper class in society. Cham and Redfern17 reported on the 
effect that flooring had on comfort and fatigue. They found that flooring properties do 
affect low back and lower leg discomfort/fatigue and that mats were almost always 
preferred over the hard floor control. 
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Carpets also play an important role in homes with their excellent sound absorbing 
ability 18. The ability of a carpet material to absorb sound can be measured by its Noise 
Reduction Coefficient (NRC). It ranges from 0.0, indicating that no sound is being 
absorbed, to 0.99 meaning that almost all sound is absorbed. The NRC rating for carpets 
can be as high as 0.9.  Carpets also have excellent thermal insulating properties 19. Carpet 
fiber materials have low conductivity and do not readily transfer heat along the length of 
their fibers. Secondly, when they are spun into yarns, their fabric structure traps a large 




Carpet is an economical choice of floor covering material. This is one reason why 
seventy percent of the floors in the United States are covered with carpet 20.  In the 45-
year period between 1950 and 1995, the cost of carpet increased by only 82.1%. During 




Carpets’ fibrous nature meant that it is not slippery like hard ceramic tiles or 
concrete. They also provide some cushion support in the event of a fall. This meant 
improved safety in an environment for the elderly and the young. However, smaller 
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“throw rugs” can present a tripping hazard and caution should be taken when they are 
present in the house or commercial building. 
 
1.2 SYNTHETIC CARPET FIBER MATERIALS 
 
Synthetic carpet fibers are dominant in the fiber market, and are mainly made 
from nylon with 62.3% of the market share, polypropylene (or olefin) at 31.5% and 
polyester at 5.8% 21. Wool constitutes the bulk of the remaining 0.4%, and is considered a 
luxury raw material.  For this reason we decided to focus our studies on the two primary 
nylons used in carpet fiber: Nylon 6 and Nylon 6,6. 
 




Nylon was discovered by researchers at DuPont in 1938. The Nylon 6,6 fiber used 
for carpet construction is transparent and readily magnifies the magnitude of soiling in 
carpets. Thus in the production of nylon fibers for carpet uses, the change in shape from 
round to trilobal or the addition of voids to a square shaped fiber are measures designed 
to reduce apparent soiling 22. 
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Nylon is popular because of its resilience and resistance to crushing and matting. 
It is resistant to stain penetration and dye fading due to sunlight or atmospheric 
contaminants.  
 
There are two main types of nylon being used as carpet fiber materials – Type 6 
and Type 6,6. They have dissimilar chemical compositions and are made from different 
raw materials (Type 6 – caprolactam; Type 6,6 – hexamethylene diamine and adipic 
acid). Structurally, Type 6,6 has twice the number of sites available for hydrogen bonding 
between the polymer chains than Type 6 23. Their chemical structures are shown in 
Figure 1 – 2. 
 
Figure 1 – 2. Repeating units of Type 6 and Type 6,6 nylon.  
 
Thus Type 6,6 nylon has a tighter molecular structure with more hydrogen 
bonding. It is more crystalline. Molecular flexibility of Nylon 6 would render more of its 
polar groups to interact with any surface particle(s) which would in general give rise to 
stronger adhesive force.  
 8
 
The surface energies of the Nylons are of considerable importance to researchers 
given their incorporation into many consumer products either as stand-alone carpet fiber 
materials or in combination with other types of polymers in various composite materials 
such as tire cords, rubber or soil-resistant fluorocarbon coated carpet24. The surface 
energies of the polyamides come from the functional groups on the polymer surface. 
Methylene (-CH2-) groups constitute the dispersion component, and amine, carboxyl and 
amide (-NH2, -COOH, -CONH2-) groups contribute dispersion, polar dipole, and   
specific interaction (H-bonding or electron donor-acceptor) components of the surface 
energy. These functional groups play an important role in the adhesion of functional 
materials as in the case of the tire cords or soil release finishes in fluorocarbon-coated 
carpet. Most polymer pairs are immiscible at the molecular level and, as a result, form 
two or more phases upon blending. The mechanical properties of such blends depend, 
among other things, on the structure and mechanical strength of the interface between 
these different phases. Without additives, this interface is weak due to the lack of 
entanglements between the chains of both polymers. To enhance the interfacial adhesion 
of the polyamides with an immiscible polymer such as polystyrene (PS) or polypropylene 
(PP), chemical compatibilizers are often used in industry25, 26. Basically, such 
compatibilizers are small amounts of functionalized polymers which react with the two 
polymers at the interface to form in-situ copolymers. Their main advantage is that block 
copolymers do not need to be synthesized separately before blending to form the desired 
product. Thus, interfacial adhesion between the polyamide and PS can be improved with 
the addition of a styrene-maleic anhydride (SMA) copolymer which reacts easily with the 
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amine end group of the polyamide, and an analog exists for the polyamide with PP by 
incorporating a small amount of maleic anhydride functionalized PP. However, not much 
is known quantitatively about the adhesion forces between such polymer pairs. The 
polyamide-polystyrene adhesion forces are discussed in detail in Chapter III. 
 




Allergic reactions occur when a person, who has produced Immunoglobulin E 
(IgE) antibody in response to an innocuous antigen, or allergen, subsequently encounters 
the same allergen. The allergen triggers the activation of IgE-binding mast cells in the 
exposed tissue, leading to a series of responses that are characteristic of allergy 27. 
Allergy is one of a class of four immune system responses classified by Coombs and Gell 
27. This is also known as a Type I hypersensitivity, an immune malfunction mediated by 
IgE. It results in an immediate-type systemic inflammatory response which has symptoms 
ranging from as mild as allergic rhinitis (or runny noses) to life-threatening anaphylactic 
shock and death 28.  
Local symptoms are: 
- Nose: swelling of the nasal mucosa (allergic rhinitis)  
- Eyes: redness and itching of the conjunctiva (allergic conjunctivitis) 
- Airways: bronchoconstriction wheezing and dyspnoea, sometimes outright attacks 
of asthma 
- Skin: various rashes such as eczema, hives and contact dermatitis.  
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Systemic allergic response is also called anaphylaxis. Depending of the rate of severity, it 
can cause cutaneous reactions, bronchoconstriction, oedema, hypotension, coma and even 
death. 
 
Hay fever is one example of an exceedingly common minor allergy - large 
percentages of the population suffer from hay fever symptoms in response to airborne 
pollen. Asthmatics are often allergic to dust mites. Apart from ambient allergens, allergic 
reactions can be due to medications 29. 
 
Much human allergy is often caused by the uptake of limited amounts of small-
protein allergens through inhalation or ingestion. These allergens reproducibly elicit IgE 
production in susceptible individuals. After IgE has been produced to respond to a 
specific antigen, the IgE antibodies attach themselves to the surface of mast cells and 
await the introduction of the specific antigen to which it responds. When the antigen 
appears, the IgE captures it and attempts to destroy it by releasing the chemical mediator, 
histamine, contained within the mast cell. Histamine and other mediators are responsible 
for the symptoms of an allergic reaction, such as swelling of the tissues, sneezing, 
wheezing, coughing, and other reactions 29. 
 
The allergic reaction typically continues: these newly released mediators recruit 
other inflammatory cells to that site, resulting in additional inflammation. Many 
symptoms of chronic allergic disease - such as swelling, excessive mucus and hyper-
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responsiveness to irritating stimuli are the result of tissue inflammation due to ongoing 
exposure to allergens 29.  It is not yet fully understood why some substances trigger 
allergies and others do not, nor why every person does not develop an allergic reaction 
after exposure to allergens. A family history of allergies is the single most important 
factor that predisposes a person to develop allergic disease. If one parent has allergic 
disease, the estimated risk of the child to develop allergies is 48%; the child's risk grows 
to 70% if both parents have allergies 29. 
 
1.3.1.1 ALLERGEN AVOIDANCE/REMOVAL 
 
Aside from immunological and pharmaceutical treatments beyond the scope of 
this thesis, a common treatment regime involves avoidance of allergenic materials.  As 
stated earlier, in severe cases removal of carpeting is recommended by medical 
personnel.  Persons with allergies are advised to avoid consuming foods to which they are 
allergic, to avoid contact with substances that are common allergens and are highly 
allergenic to, and to make environmental changes that will reduce the amount of allergen 
to which they are exposed. Additionally, some recommend the use of air filters, 
particularly a high-efficiency particulate-type air filter (HEPA) to remove air-borne 
allergens 30. 
 




The ambiguous relationship between carpeting and the indoor air quality/ allergic 
symptoms necessitate a scientific approach. Atomic Force Microscopy (AFM) will be 
adapted here to measure and quantify the adhesive interactions of a large range of 
relevant biological particulates with nylon and control materials.  
 
No previous known work has investigated cell or bioparticle adhesion with a 
surface as complex as that of a typical nylon fiber encountered in carpeting. Model 
organisms such as the bacterium E. Coli31 and A. artemisiifolia32 ragweed pollen grains 
are chosen for a start as they have been studied quite extensively with regard to 
metabolism, replication and cell division. The former also has its entire genome mapped. 
In addition, these two organisms are among the most significant to health concerns.   
 
Chapter II provides a broad overview and background of the atomic force 
microscopy techniques employed as well the theoretical adhesion models selected for use 
in the polymer – polymer and polymer – bioparticulate interactions. Chapter III discusses 
in detail the AFM – measured polymer-polymer adhesion forces and the applicability of 
the selected theoretical models in quantifying the forces. Chapters IV and V look at the 
application of the theoretical adhesion models with regard to the class of organisms 
(bacteria and pollen) interacting with the polymers and the reproducibility of the 
measured force data. Finally, Chapter VI concludes with the results of this PhD work and 





FORCE SPECTROSCOPY USING AFM – MODELS AND CONSIDERATIONS 
 
2.1 ATOMIC FORCE MICROSPECTROSCOPY (AFM) PRINCIPLE 
 
Microscopy techniques can be broadly classified into two major groups. The first 
type is known as “far-field microscopy” because the distance between the sample and the 
point at which the image is observed is long compared to the wavelengths of the photons 
or electrons involved. The image obtained is in the form of a diffraction pattern and the 
resolution is limited by the wavelength of the incident beam on the target 33.  
 
“Near-field microscopy” on the other hand includes a class of microscopes known 
as scanning probe microscopes (SPMs). They work on the principle of bringing a very 
sharp probe tip close to the sample surface. This probe measures the change in the 
intensity of a tip-surface “interaction signal”.  In closed-loop control, the signal is 
amplified and fed to a piezoelectric scanner to control the distance between the probe tip 
and the surface. The major advantage SPMs have over “far-field” microscopes is that 
they are not limited by the diffraction-related resolution 33. The AFM is a form of SPM 
and was invented in 1986 by researchers at IBM 34. AFM imaging is performed by 
sensing the force between a very sharp probe and the sample surface.  An AFM image is 
thus generated by recording the force changes as the probe tip (or sample) is scanned in 
the x and y directions parallel to the surface. The force is monitored by attaching the tip 
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to the end of a thin, flexible cantilever connected to a piezoelectric scanner. Interaction 
forces between the tip and sample cause the cantilever to bend or deflect during the 
scanning. The magnitude of the force experienced by the probe will be proportionally 
determined by the deflection of the cantilever35. The deflection signal is acquired and 
digitized to provide a three-dimensional image of the surface.  
 
The cantilever deflection is determined optically by means of a laser beam 
focused on the free end of the cantilever as illustrated in Figure 2-1. A photodiode acts as 
a detector for the reflected beam and the change in cantilever position in the z direction is 
recorded electronically. The change in height of the piezo is monitored by a PC based 
controlled feedback system and used to acquire topographic information. AFM 
cantilevers are typically made of silicon or silicon nitride by microfabrication techniques 
35. 
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Figure 2 – 1. Schematic illustration of the AFM technique. 
 
2.1.1 FORCE MEASUREMENT  
 
The AFM’s ability to measure localized force interactions between the probe tip 
and the sample surface was realized soon after its invention. The first applications were 
to measure surface forces on graphite and lithium fluoride 36.  
 
To measure the force between the probe tip and the sample surface, a force-distance 
curve is recorded by monitoring the cantilever deflection as a function of the vertical 
displacement of the piezoelectric scanner at a fixed x, y position. This means that the 
probe tip is moved towards the surface in the Z direction (normal to the surface). After 
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contact has been established, the tip is slowly withdrawn from the surface until no 
interaction force is sensed between the tip and the surface 37.  
 
A raw curve plot is that of the photodiode voltage against the scanner (Z) 
position. With the relevant correlations this plot can be converted into a force-separation-
distance curve.  
 
A typical example of an AFM force curve is given in Figure 2 – 2.  
 
Figure 2 – 2. Schematic of a generic force-displacement curve for a contact-mode AFM 
38.  
 
During a force measurement cycle, the AFM tip is moved towards the surface 
(approach curve) at a constant velocity until it contacts the sample (B). The approach 
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section of the force-displacement curve can be used to measure surface forces such as van 
der Waals and electrostatic, solvation, hydration, and steric/bridging forces depending on 
the operating condition (air, solution) of the AFM 35. The cantilever starts to bend as the 
tip is pressed against the surface. This continues until a pre-determined point of 
maximum load is reached (C). When the tip and the surface are in contact, the force curve 
can be roughly described by Hooke’s law, ZkF Δ= , where ZΔ and k are the deflection 
and the spring constant of the cantilever respectively 37. When the force is increased in 
the contact region, the shape of the approach curve can be used for the determination of 
local elasticity properties such as the Young’s modulus of the surface material.  
 
The direction of motion is now reversed and the probe is withdrawn from the 
surface. This is also known as the retraction portion of the force curve. The tip is not 
immediately separated from the surface and the curve shows a hysteresis (D) often 
referred to as the adhesion “pull-off” force. Only when the elastic force pulling the tip 
away from the surface is equivalent to the adhesive force does the tip detach from the 
surface and returns to the original position at (A). This is of particular interest to this 
study as it serves as an estimate of the binding forces between the tip and the surface 35.   
 
However, such force curve measurements have several limitations. Firstly, the 
determination of a “zero” Z position is purely arbitrary. The AFM does not conduct direct 
measurements of the distance between the sample and the tip. Secondly for “soft” 
surfaces, it is difficult to separate the relative contributions of the cantilever deflection 
from surface forces and the deformation of the sample under applied load 37. 
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2.2 FORCES BETWEEN PARTICLES 
 
Adhesion forces arise because of interactions between the particle and a particular 
surface. The whole process is a complex and composite one as it is not only affected by 
fundamental forces between two molecules, such as van der Waals forces, but also by 
properties of the surface as a whole. These include surface energy and roughness. The 
types of interactions that are relevant to this study are described below. In general, these 
are Lifshitz – van der Waals attraction, capillary forces, and electrostatic forces 39. When 
there is no electrical charging and relative humidity of the air is below 65%, the adhesion 
force can be regarded as mainly due to Lifshitz – van der Waals forces 40, whereas 
capillary forces dominate at relative humidity above 65% 41.  
 
2.2.1 VAN DER WAALS FORCES 
 
Van der Waals forces can be broadly divided into three groups – Debye, Keesom 
and London forces. London (or dispersion) forces between atoms and molecules and are 
always present42. This is in contrast to the other two types of forces which arise from 
electrostatic interactions involving charged or polar molecules. Thus Debye and Keesom 
forces may or may not be present depending on the properties of the molecules of our 
selected system.  However, when present, Debye and Keesom forces often dominate the 
London forces, especially for highly polar molecules. 
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London forces occur between uncharged, non-polar molecules and arise because 
of fluctuations of the positions of the electrons orbiting about the nuclear protons. These 
generate transient dipoles which give rise to an electric field that polarizes and induces a 
dipole in any nearby neutral atom or molecule.  The resulting interaction between the two 
dipoles leads to a temporary attractive force between the two molecules.  Continuous 
changes in the electrons’ positions will lead to a continual change in dipole moment of 
the first molecule. Consequently, the second molecule’s dipole will follow42. The strength 
of interaction between the two molecules will be inversely proportional to inverse 6th 






=      (2-1) 
 
where Cdisp is the Coulombic dispersion energy potential. The negative sign indicates that 
this is attractive.  
 
London forces have a number of characteristics: 
 
a. They are considered long range forces compared to covalent bonds and are 
effective from distances greater than 10 nm to sub-interatomic spacing of 0.2 nm.  
b. Depending on the situation, they may be attractive or repulsive and in general 
simple power laws do not apply to their dependence on separation distances.  
c. They have an orienting effect on the affected molecules but this is usually weak 
compared to other intermolecular forces. 
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d. The interactions are non-additive, and this means the dispersion interaction of two 
bodies are affected by the presence of other bodies nearby. 
 
The interaction energy (W) or work of adhesion of a sphere near a planar surface can 
be calculated by integrating the energies of all the atoms in a single body with all the 






=        (2-2) 
 
where R is the radius of the particle, D0 is the separation distance between the particle 




2 ρρπ CAH =      (2-3) 
 
where C is the interaction constant, and ρ1 and ρ2 are the number densities of the two 
interacting surfaces42. 
 
Equation (2-3) ignores the influence of neighboring atoms on the interaction 
between any pair of atoms. They could possess different electronegativities or 
polarizabilities and these would increase the contribution of Debye (induced dipole – 
induced dipole) and Keesom (dipole – dipole) forces. Furthermore, the additivity 
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approach cannot be readily extended to bodies interacting in a condensed media42. To 
solve this problem, Lifshitz made use of quantum field theory 43.  
 
2.2.2 LIFSHITZ THEORY  
 
A detailed discussion of the Lifshitz theory would require a strong background in 
quantum field theory and is outside the scope of this study. A simple explanation is that it 
offers an alternative method of calculating the non-retarded Hamaker constant in 
equation (2-3) that accounts the problem of additivity. In this theory, large bodies are 
treated as continuous media. The resultant forces between the large bodies are considered 
to be due to the fluctuations in electron density which lead to the temporary shifts in 
dipole moments. The electric field thus varies with time. If this field is assumed to be 
acting over a relatively long distance, interactions with other atomic electric fields and 
thus attractive forces between solid bodies will be possible42. 
 
Lifshitz theory does have its limitations. It does not take into account the 
separation distances at the molecular level and it assumes that the physical properties of 
the interacting bodies are uniform throughout 44.   
 
All types of van der Waals forces are affected by the material properties as well as 
their contact geometry. This will mean the adhesion strength will vary accordingly. 
Important properties that will affect adhesion include elasticity, the true area of contact 
and surface roughness 45.  
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Israelachvili had simplified Lifshitz’s theory for use in a system where two 
macroscopic phases interact across a third phase (i.e. the medium). This Hamaker 
constant consists of two terms, Av=0 and Av>0, which corresponds to the dipole-dipole/ 
dipole-induced-dipole contributions and the London dispersion contributions 
respectively. 
 
00 >= += νν AAAH     (2-4) 
 
The simplified theory makes use of the respective static dielectric constants (ε1, ε2, ε3) 

































































 (2 – 5) 
 
where ve, the electronic absorption frequency is taken to be the same for all three 
components (ve = 3 x 1015 Hz)42, 46.  
 
Equation (2-5) suggests that equivalent dielectric constants of the probe tip, the 
sample and the interacting medium would lead to the elimination of the first term. The 
dispersion contributions (as determined by the optical refractive indexes) would then be 
dominant in the tip-sample adhesion. If the refractive index of the medium (n3) is 
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intermediate between the two phases, a negative van der Waals interaction may occur 47, 
48.   
 
Thus there is a need for a suitable choice of medium in this research study to 
avoid possible complications in the use of Equation (2 – 5).  For my work, complications 
are minimized since air is used as the medium; air has a lower dielectric constant and 
refractive index compared to the materials used as the probe tip and sample surface. 
  
2.2.3 CAPILLARY FORCES 
 
Capillary forces are caused by the condensation of water at the point of contact 
between particles or inside the pores of hydrophilic materials. The presence of water will 
result in the formation of a meniscus. In the case where the particle (or probe tip) is 
hydrophilic, the water will wet the surface because it is energetically advantageous as 
compared to the water-air contact. This will create relatively large, often undesired forces 
between the surface and the particle (or probe tip) 39. The value of this force depends on a 
multitude of factors including surface free energy, surface roughness, gap geometry, 
surface chemical condition and the meniscus curvature 49, 50.   
 
The condensation of moisture on the materials may also lead to a physical effect. 
The contact surfaces may dissolve in the presence of water if the material is soluble. 
Crystallization may occur if the material surfaces are subsequently dried and this would 
affect adhesion forces between the particle and the surface. The water may also plasticize 
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hygroscopic materials and cause them to deform easier under an applied load. This would 
lead to an increase in the contact area and thus increase the adhesion force. Moisture can 
also act as a lubricant to ease the detachment of portions of the surface from that of the 
particle 39.   
 
2.2.4 COULOMB (OR ELECTROSTATIC) FORCES  
 
Coulomb forces arise from the electrostatic charging of surfaces and these can be 
either attractive or repulsive. They are most often created from friction 51. When a 
charged particle is brought near a neutral surface, an equal but opposite charge will be 






Fα       (2-6) 
 
where Qi is the charge on the particle and d the distance between the centers of the 
charges. These forces are minimized by the presence of water (non deionized), which 
helps to conduct the static charges away.     
 
For sphere-on-planar geometry, the force-distance relationship depends on the 
relative values of the distance D and sphere radius R. Equation (2-6) is usually valid for 
relatively long range separation distances. Equations (2-7) and (2-8) are usually more 
















RVF πε  for R << D   (2-8) 
where V is the tip-surface potential difference 49. 
 
2.2.5 OTHER FACTORS 
 
2.2.5.1 SURFACE ROUGHNESS 
 
Adhesion forces are strongly dependent on the surface roughness of the sample 
and the particle (probe tip). Consider the case of a particle resting on a ‘rough’ surface. If 
it is smaller than the distance between the ‘hills’ or ‘crests’ it will settle to the ‘valleys’. 
This will mean an increase in the contact area and will lead to an increase in the adhesion 
force. The valleys also provide protection from the lateral forces that might be present to 
remove the particle. On the other hand, there will be reduced contact between the surface 
and the particle if the particle is larger that the ‘wavelength’ of the rough surface. This 
will mean a smaller van der Waals contribution to the adhesion force. Figure 2 – 3 shows 
a graphical effect of surface roughness on particle adhesion. 
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Figure 2 – 3. The effect of surface roughness on particle adhesion. In the first two cases 
(a, b), the particle is wedged between two ‘hills’ while in the third case (c) it is placed on 
top of the surface. The adhesion force is stronger in the first two and weaker in the last 
one than if it is placed on a flat or smooth surface 45. 
 
The presence of surface roughness can result in huge discrepancies between 
predicted and actual adhesion forces 52.  
 
2.2.5.2 SURFACE ENERGY 
 
In a bulk phase of similar molecules, any molecule in feels a zero net force. 
However, in the event that a molecule finds itself at the phase boundary, e.g., a liquid-
vapor boundary, it will feel a net attractive force towards other similar molecules in the 
liquid phase. This produces is a state of tension as a force is trying to contract the (liquid) 
surface.  
 
If the bulk phase is liquid, the phenomenon is known as surface tension. In 
general, the greater the proportion of polar groups (e.g. O-H) in the bulk phase, the 
stronger the attractive forces amongst the molecules. Strong attractive forces produce 
high surface tension and a tendency to form discrete spherical droplets rather than wet the 
surface the liquid comes into contact with. 
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If the bulk phase is solid, this is known as surface energy. It describes the work 
done in overcoming the surface tension forces of the liquid and causing it to spread out 
rather than coalesce into droplets. Quantitatively, it is defined as the amount of work 
required to increase the surface area of a substance by 1 m2 53. 
 
The terms surface energy and surface tension and their quantitative values are 
equivalent when applied to the case of liquids. This does not apply for solids. The 
forming of a new solid surface is due to two processes running consecutively. The phase 
is first cleaved and then subsequently rearranged to form the most stable configuration. 
Molecules in the liquid state are able to perform these simultaneously, while solid 
molecules are held in a rigid state and thus unable to rearrange in a short time-span. 
Liquids are typically at equilibrium and solids are not – the timescale and length scale for 
re-arrangement between the former and the latter are several orders of magnitude 
different. Their density may vary from the most stable state to a metastable state or an 
unstable state.  Local changes in surface energy may occur as the surface area is 
increased or decreased with no corresponding change in molecule number 53. 
 
2.2.5.3 SURFACE HARDNESS AND ELASTICITY 
 
The hardness of a material surface is defined by its resistance to indentation 54, 
while elasticity is simply its ability to return to its initial state after the removal of an 
applied stress. For many materials, there exists a linear relationship when stress is plotted 
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against strain in the Hooke’s law region 55. The rate of change of stress with strain is 
known as the Young’s modulus 56.   
 
These two properties will largely determine how the particle (or probe tip) and the 
surface will deform on contact under an applied load. The extent of deformation will 
increase the contact area, and this can lead to a greater than predicted adhesion force 45, 52.  
 
2.3 THEORETICAL ADHESION MODELS 
 
2.3.1 HERTZ THEORY 
 
Many models that describe adhesion force interactions between two solid spheres 
are derived from an analysis by Hertz in 1882 57. He considered two smooth elastic 
bodies in contact under an external load but ignored the attractive inter-particle surface 
forces. At high load P0, the elastic deformation between the two bodies can be related to 












+= π      (2 – 9) 





















=   (2 – 11) 
where v is the Poisson ratio and E the Young modulus of each material 58. 
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There are several principal assumptions for Hertz’s theory 59. They are 
 
a. a normally loaded contact exists between the bodies, 
b. the material behaves as a linear elastic body, 
c. the radius of contact area is small compared with the radius of the sphere, 
d. there is frictionless contact between the surfaces resulting in the transfer of only 
normal stresses between the contacting surfaces. 
 
The main drawback for the Hertz theory was summarized by Johnson et.al 58. Larger 
than predicted contact areas between spherical bodies were measured at low loads. These 
suggested attractive adhesion forces were operating between the solids. At high loads, 
these forces are relatively insignificant but are not negligible as the loads are reduced 
towards zero. 
 
Two models have been widely adopted to correct for the behavior of Hertzian 
contacts by including the effects of surface forces. They are usually described by the 
model of Johnson, Kendall and Roberts (JKR) 58 or by the model of Derjaguin, Muller 
and Toporov (DMT) 60.  
 
2.3.2 JOHNSON, KENDALL AND ROBERTS (JKR) THEORY 
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The JKR theory is a modified form of Hertz Theory that included the 
thermodynamic work of adhesion for two adhering, smooth and elastic spheres in close 
contact. This energy of adhesion of both surfaces, Δγ, may be expressed as: 
 
1221 γγγγ −+=Δ       (2 – 12) 
 
where γi’s are the excess surface free energies of surfaces 1 and 2 respectively and 12 the 
interface. The inclusion of the surface energies would mean that the apparent Hertz load 
P1 acting between the two elastic bodies is bigger than the applied load P0. The 
relationship between P0 and P1 is shown by 
 
2
001 )3(63 RRPRPP γπγπγπ Δ+Δ+Δ+=   (2 – 13) 
 





Ra γπγπγπ Δ+Δ+Δ+=   (2 – 14) 
 
As the applied load P0 is made negative, a limiting case will be obtained when the 
surfaces separate. For a real solution to equation (2-14), 
 
2
0 )3(6 RRP γπγπ Δ≤Δ       (2 – 15) 
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Thus the separation of spheres will just occur when  
 
RPP C γπΔ−== 2
3
0       (2 – 16) 
 
and PC is also known as the pull-off force 58, 59. 
 
This model has been widely used for many adhesion force studies 48-50, 52, 59, 61, and the 
experimental data have shown that it is appropriate for highly deformable bodies,  cases 
with high surface energies, cases where the contact radius is small compared to the 
particle radius and also for low elastic modulus. 
 
2.3.3 DERJAGUIN, MULLER AND TOPOROV (DMT) THEORY 
 
Like the JKR theory, the DMT theory 60 also assumes that there are attractive 
forces that act to deform spheres in contact. However in this theory, the attractive forces 
are acting outside the contact region. It also takes into account the work of molecular 
attraction in the circular zone of contact and assumes that the two surfaces in contact will 
part only when the contact area approaches zero. 
 
It is summarized simply by one principal equation for the adhesion force with the contact 
radius and is given by 
 
RPC γπΔ−= 2       (2 – 17) 
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Unlike the JKR case, the DMT model is less favored by researchers. It was used by 
Burnham 62 for its applicability to small, hard bodies with low surface energies.  
 
The JKR and DMT theories are not in conflict with each other but should be considered 
as the opposite ends of the same scale. The Maugis equation63  is normally employed to 
determine which model should be used to best suit a particular situation. 
 
On a molecular level the energy of adhesion per unit area, Δγ, between flat slabs can be 





γ =Δ ,    (2 – 18) 
Where Do = 0.165 nm is the nominal value used for cut-off separation42, 46. 
 
2.3.4 MAUGIS EQUATION 
 
In 1992, Maugis63  highlighted differences in assumptions and predictions 
between the JKR and DMT theories. He suggested that the transition between these 











λ =    (2 – 19)  
Where z0 is the equilibrium separation distance between the probe and the substrate, R 
the radius of the probe, WA is the work of adhesion, and K the reduced elastic modulus 


















31 υυ   (2 – 20) 
υ is the Poisson ratio and E is the Young’s modulus, and p and s stand for probe (particle) 
and substrate respectively. 
 For λ → ∞ (λ ≥ 5) the JKR model applies whereas the DMT model is more appropriate 
for systems with λ → 0 (λ ≤ 0.1). 
 
2.3.5 PARAMETRIC TIP – FORCE DISTANCE RELATION (PT/FDR) 
 
 
Recognizing the need for a more geometrically appropriate model, Argento and 
French proposed a new parametric tip force – distance relation (PT/FDR) 64 for the long-
range (non-contact) interaction of a typical AFM probe with a flat substrate. Their model 
AFM tip was composed of a cylindrical shaft, followed by a conical section, and 
terminated by a spherical cap. The non-retarded VDW interactions were assumed to be 
the only forces present. In the manner of Hamaker, the interaction between the model tip 
and flat surface was solved analytically, giving the force of interaction as a function of a 
Hamaker constant AH, tip radius, and cone angle. The model is applied by fitting to our 
experimental data to determine the geometrical parameters and Hamaker constant. As 
shown in the chapters 3 and 4, their results suggest strongly that local curvature of a 
small tip radius (R < 100 nm) can cause significant deviations from conventional sphere-
plane and sphere-sphere Hamaker VDW models.   
 










Flat sample surface 




Figure 2 – 4 . Square pyramid-flat surface (SPFS) model. 2l is the base length of the 
penetration depth of the pyramid part of the tip, x the penetration depth, h the hypotenuse, 
d the probe-sample separation and α is the acute angle of the pyramid.  
 
The cross sectional area of the pyramid part in contact with the surface (penetration 
depth) is 
 , (2 – 21) α22 tan4xacross =







sin4xatet = . (2 – 22) 
We next derive the total energy potential, Φ(z) for a pyramid-slab interaction as a 




















)( , (2 – 23) 
where ρ is the density, NA the Avogadro’s number, M the molecular weight of the 




















 (2 – 24) 
and substituting , δ = (2 Aslab tan2α) / 3π and Aslab = β(ρ NAπ /M)2, with Aslab 
being the Hamaker constant for a purely slab-slab interaction (but noting that this is not 









2)()( δ . (2 – 25) 






















dfz δ  (2 – 26) 
We consider df as an arbitrarily chosen distance beyond which the van der Waals 
interaction becomes insignificant42. 
 
The work of adhesion (Δγ) of the pyramidal tip in close contact with the planar 
surface is derived in the same way, but by including in the integral the ‘contact area’ of 

































, (2 – 27) 
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γ ,  (2 – 28) 
 






Aslab−=Δ . (2 – 29) 
 
(2-29) is different than the energy of adhesion described earlier in equation 2-18 for both 
the FDR and DMT models since it incorporates a shape factor of (sin α cos α) that 
accounts for the pyramidal-slab geometry, as opposed to two elastic spheres. Now, the 
work of adhesion Δγ is equivalent to the work W required to pull off the tip from the 
surface (area under the force-distance graph) per unit area of interaction. Mathematically, 
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x −=  (2 – 31) 
 
for the “penetration depth” of interaction at the tip. Here the “penetration depth” is a 
parameter describing the effective depth of van der Waals (VDW) forces. In this case d is 
set as 0.165nm, the nominal cut-off distance of separation for two surfaces on contact. 
The effective tip radius at depth x, re, is taken from a hemispherical-cap approximation to 
the square pyramidal penetration volume, and can be calculated from 2πre3/3 = 4l2x, 




MEASUREMENT OF POLYAMIDE AND POLYSTYRENE ADHESION WITH 
COATED-TIP AFM 
 
Reproduced with permission from Thio, B.J.R.; Meredith, J.C., J. Colloid and Interface 
Sci, (314), 2007, 52 – 62. © Elsevier B.V. 
 
 
Atomic Force Microscopy was used to measure the adhesion forces between 
polyamides, polystyrene and AFM tips coated with the same materials.  The polymers 
employed were polyamide 6 (PA6), PA66, PA12 and polystyrene (PS).  All adhesion 
forces between the various unmodified or modified AFM tips and the polymer surfaces 
were in the range -1.5 nN to -8 nN.  The weakest force was observed for an unmodified 
AFM tip with a PS surface and the strongest was between a PS-coated tip and PS surface.  
The results point to both the benefits and drawbacks of coated-tip AFM force-distance 
measurements. We observe that adhesion forces between the two most dissimilar (polar 
vs. nonpolar) materials were significantly different depending on their relative placement 
on the AFM tip or substrate. On the other hand adhesion forces between more similar 
materials are symmetric. The contact radii were computed via two contact mechanics 
models: Derjaguin, Muller, and Toporov (DMT) and Johnson, Kendall, and Roberts 
(JKR); and two non-contact adhesion models: parametric tip – force distance relation 
(PT/FDR) and a square-pyramid-flat-surface (SPFS) model developed herein. In our 
study, estimates from three adhesion models (the JKR, DMT and PT/FDR) gave work of 
adhesion and radii of contact that were two orders of magnitude smaller than 
experimental approach curve measurements, while the SPFS model produced values 10 
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times smaller, and is a closer representation of the geometry between the AFM tip and the 
flat surface. 
 
3.1 EXPERIMENTAL MATERIALS AND METHODS 
 
3.1.1 POLYMER FILM SAMPLES AND PREPARATION  
 
A series of thin polymer films was prepared on Piranha-etched silicon 
substrates65.  These consisted of polystyrene, PS (average molecular mass = 100,000, 
Avocado Research Chemicals, Lancashire, England), polyamide 6 (PA6, average 
molecular mass = 10,000, Aldrich Chemical Co., Inc., Milwaukee, WI), PA66 (average 
molecular mass = 22,000, Aldrich Chemical Co., Inc., Milwaukee, WI), and PA12 
(average molecular mass = 40,000, Arkema Group, Philadelphia, PA).  PA12 is included 
in this study to investigate the effect of amide bond spacing on force interactions.  The 
structures of PA6 and PA66 are shown in Figure 1-2.  Compared to the PA6 and PA66, 
PA12 has its amide linkages spaced twice as far apart, and is significantly more flexible 
and hydrophobic.  The PS solution was prepared by dissolving 10% by mass in toluene 
while 1% by mass PA6, PA66 and PA12 solutions were prepared in 
hexafluoroisopropanol (HFIP, TCI America, Portland, OR).  Polymer films were made 
by a knife-edge coating technique described in detail elsewhere 66, 67.  Films were dried at 
80 °C under vacuum for 2 hours to remove any remaining solvent.  Detailed 
measurements of film thicknesses are not reported here; however, it was verified that film 
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thickness exceeded 1 μm, which is far greater than the range of van der Waals 
interactions (10 nm) being probed here. 
 
3.1.2 AFM PROBES AND THEIR MODIFICATION  
 
The AFM used was a Thermomicroscopes™ Explorer (Veeco Metrology Inc., 
Santa Barbara, CA) employing V-shaped silicon nitride cantilevers of spring constant 
0.10 N/m.  The scanner has a vertical range of 1 μm. A micropipette attached to a 
micromanipulator was used in conjunction with a microscope (magnification 20x) to coat 
the polymers onto the AFM tip (cantilever apex). The micropipette containing a dilute 
polymer solution (~1 wt %) was brought into contact with the AFM tip and the probe tip 
was coated with the polymer via capillary action. The same tip was used to measure all 
interactions within a given polymer series, to ensure that the spring constant and tip 
radius were kept constant between the different substrates. Force measurements were 
made between the AFM tips (unmodified and modified) and different surfaces (PA6, 
PA66, PS and Si). For each set of tip-surface measurements, 20 force-distance 
measurements were taken from two separate Si wafers within three randomly-chosen 10 
μm by 10 μm areas on each surface.  To investigate whether surface roughness is a factor 
in the adhesion measurements, we used the AFM to determine the root-mean-square and 
mean roughness of each surface-coating. For each of three 10 μm x 10 μm scans, the 
image was split into 4 sectors for a total of 12 roughness measurements.  
 
3.1.3 CONTROL OF HUMIDITY  
 41
 
For AFM force measurements in air, humidity and grounding of the sample 
surface influence the dissipation of static electrical charges.  In addition, high humidity (> 
60%) causes capillary condensation between the tip and surface, interfering with the 
measurement.68  The AFM was enclosed in a humidity-controlled acrylic chamber at 40% 
relative humidity (RH).   
 
3.1.4 SCANNING ELECTRON MICROSCOPY (SEM)  
 
SEM (Hitachi Model S-800) was used to confirm that the modified tips were 
coated with the respective polymers. This was done after the force measurements were 
completed. The tips were mounted on metal stubs using carbon tape and sputter-coated 
with gold before imaging using an accelerating voltage of 10 kV. 
 
3.2 RESULTS AND DISCUSSION 
 
A typical force distance curve obtained for a single measurement of a PA6 coated 
AFM tip against a PA6 polymer surface is shown below in Figure 3-1. There is difficulty 
in establishing the true ‘set-point zero’ for the point of contact of the AFM probe with the 
surface. Many researchers have defined the point of contact by using a ‘geometric’ 
approach: the point of contact is taken as the intersection of the baseline and the gradient 
of the approach curve 69.  With this in mind, an approximation of the contact radius can 
be found by using the penetration depth (that is, distance the probe moves into the surface 
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beyond the zero set point) and the acute angle from the base of the pyramidal AFM probe 





















Figure 3 – 1. Raw force distance curve recorded by the AFM for a PA6-coated tip 
interaction with PA6 film on Si. (A) the initial approach, (B) the “penetration” depth 
using the geometric technique 69, (C) the pull-off distance at which cantilever snaps off 
the surface to a point where there is no net attractive or repulsive force between the tip 
and sample surface. (D) the strength of the adhesive force between tip and sample. (E) 
the retraction curve. 
 
This gives a contact radius, re, of 153 nm, based upon an observed penetration 
depth of x = 218 nm from Fig 3-1, where re is the effective radius of circle with area 
equal to the cross-section of the square-pyramid tip at that penetration depth (See Section 
2.3.6).  An alternative method is to compute contact radius and penetration depth from 
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the force data using the adhesion models. These values are compared to the geometrical 
approach below in the “Modeling of Force Data” section. The adhesive force was 5.4 nN 
and pull off distance of 366 nm was for the data in Figure 3 – 1. 
 
Two artifacts are visible in the force-distance curve: the ‘reverse path’ effect70, 71 
and the oscillation of the non-contact line70, 72.  In the reverse-path effect, the retraction 
curve lies above the approach curve.  This is not a physically-realistic result, as forces 
exerted by the sample on the tip during unloading should be less than (plastic) or equal 
(elastic) to those exerted upon loading.  Possible reasons for this phenomenon include 
piezoactuator hysteresis72 and friction induced forward bowing of the AFM cantilever71 
as the sample is approached.  The oscillation and slope of the non-contact line is due to 
interference between reflections off the sample surface and the upper face of the 
cantilever.  Neither of these artifacts alter significantly (within the experimentally 
observed error) the value of attractive forces measured from the pull-off (retraction).  
However, these artifacts present more difficulty when calculating mechanical properties, 
such as elastic modulus of the sample, from the approach curve, a topic not covered in 
this study.72 
 
The highest load applied in our study was 35 nN and the typical load was 18 nN 
(Figure 3-1) at the point of maximum deflection. Using a tetrahedral face contact area of 
5140 nm2 (based on an effective tip contact radius of 30 nm), the maximum and typical 
stresses were 6.8 and 3.5 MPa, respectively. The softest material in our study was PA12, 
with a reported modulus of 1400 MPa and yield stress of 73 MPa. It is clear that the 
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maximum applied load is insufficient to induce permanent deformation. In addition, the 
maximum elastic (recoverable) deformation is very small at 6.8/1400 x 100% = 0.5% 
strain. 
 
3.2.1 POLYMER - POLYMER INTERACTIONS  
 
Force data for some of the different tip and surface combinations are presented in 
Table 3-1, and Figure 3-2 illustrates the respective pull – off distances. For the 
unmodified Si3N4 tip, the strongest adhesion force occurs with an uncoated silicon wafer, 
while the weakest is for the interaction between the tip and a polystyrene (PS) surface. 




Table 3 – 1. Adhesion force, nN, ± 95% confidence interval for tip – polymer surface 
interactions.  
AFM Tip Coating 
  
Surface Si3N4 PA6 PA66 PA12 PS 
PA6 2.8 ± 0.3 4.2 ± 0.6 3.3 ± 0.3 4.3 ± 0.4 6.3 ± 0.5 
PA66 2.6 ± 0.2 2.6 ± 0.4 -* 2.6 ± 0.3 5.6 ± 0.8 
PA12 2.3 ± 0.2 3.8 ± 0.7 3.4 ± 0.4 -* 3.0 ± 0.4 
PS 1.5 ± 0.03 3.5 ± 0.2 2.4 ± 0.1 2.5 ± 0.1 8.0 ± 0.3 
Si 5.5 ± 0.5 6.0 ± 0.6 5.0 ± 0.4 2.6 ± 0.2 2.9 ± 0.1 




These forces follow the trends expected based on chemical structure and known 
Hamaker constants. The similar chemistry between the AFM tip and the silicon wafer 
apparently results in that pair having the strongest attraction all those involving the Si3N4 
tip. Metal oxides and nitrides typically have higher Hamaker constants than organics42. 
The polar groups in the polyamides likely enable dipole-dipole interactions with the tip, 
although these are apparently weaker than the Si3N4-SiO2/Si interactions. Polystyrene 
interacts primarily via dispersion (London) forces, and as a result it is not surprising the 
PS interaction with the Si3N4 tip is the weakest. 
 
The PA6 tip coating experienced its greatest adhesion force with the silicon wafer 
followed in decreasing order by the PA6 surface, the PA12, PS and PA66. Among these 
polymers, the error bars (95% confidence) all overlap. Additional surface forces other 
than van der Waals, such as hydrogen bonding interactions (C=O: + :O-H or N-H + :O-
H), are likely to contribute to these differences in adhesion force. The data for the PA66 
coated tip was consistent with PA6, where the adhesion with the SiOx/Si surface was 
strongest.  
 
In contrast with the other polyamides, the PA12-coated tip adhered strongest with 
PA6. Apparently, the reduced number of amide bonds per segment does not allow for 
strong interactions with SiO2/Si as in the case of PA6 and PA66. In fact, PA12-SiO2/Si 
forces were about the same as PS-SiO2/Si. The PA12-PA6 force was about 40% higher 
than PA12 and the other surfaces. This could be due to the higher molecular flexibility of 
PA6 (compared to PA66), allowing chain rearrangements for optimizing interactions with 
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about half the number of the polyamide bonds per segment on the PA12. Tg values for 
PA12, PA6 and PA66 are 29, 56 and 82 oC,73 respectively. Force data between the PA12 
– coated tip and other surfaces were not significantly different from each other. 
 
The polystyrene (PS) coated tip had unexpectedly large adhesion forces with the 
PA6 and PA66 surfaces. This was not the case for the reverse situation of PA6- and 
PA66-coated tips interacting with the PS surface, which were approximately 45% and 
58% lower, respectively.  Figure 3-2 shows the adhesion force differences between 


























Tip - Surface/Surface - Tip Combinations
 
Figure 3 – 2. Bar graph of the difference in adhesion force between the two 
configurations for each tip – surface pair. PS/PA6 refers to the difference between the 




In fact, none of the “mixed” tip-surface interactions exactly match those with the 
chemistry reversed in Figure 3.  This suggests the presence of factors that contribute to 
the interactions other than material chemistry.  Possibilities include capillary effects, 
surface morphology, and sample geometry. With relative humidity during the 
measurements kept constant at around 40 – 45%, capillary forces could play a role if 
water condensed between the tip and surface at close contact only when polyamide is the 
surface coating, since the force is always more attractive when a polyamide is the surface 
coating.  Many researchers have studied the relationship between AFM adhesion force 
and ambient relative humidity on different surfaces. For the case of mica, there is 
disagreement concerning the dependence of adhesion on relative humidity (RH) 74. Some 
work suggested that adhesion induced by humidity effect peaked as low as 25 – 30% RH 
75, while others showed this at RH ~ 80% 76. To estimate the possible effect of 
















γ  (3 – 1) 
 
where rK is the Kelvin radius and V the molar volume (γV/RT = 0.54 nm for water at 
20oC). The formation of a spherical convex water meniscus of radius about 1.56 nm is 
predicted at p/psat = 0.45.  Setting γ = γwater-air = 73 dynes/cm, a  force of about -1 nN is 
predicted.  This suggests that humidity may explain the small (< 1 nN) differences in 
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PS/PA12, PA6/PA66, PA6/PA12 and PA66/PA12.  However, the average roughness, Ra, 
is much higher than the minimum radius of curvature for condensation (1.5 nm).  Ra is 
70 nm on PA6 and 120 nm on PA66. 
   
Even if capillary condensation were occurring, that effect alone is only of a 
magnitude that explains the force differences between the most chemically similar tip-
surface combinations, e.g., the polyamide-polyamide and PS-PA12 interactions.  (PA12 
is considerably more hydrophobic than PA6 or PA66).  The most dissimilar tip-surface 
combinations, PS-PA6 and PS-PA66, show force differences in Fig. 3 that are at least 
three times larger than the other tip-surface combinations.  We suggest that these large 
differences are related to the geometrical asymmetry between the tip (pyramid) and 
surface (plane).  This geometrical asymmetry may ‘amplify’ the polarity differences 
between PS and the PA6 or PA66.  The Hamaker model, commonly used to interpret 
colloidal interactions, is based on an integration of all binary van der Waals interactions 
between the tip and surface atoms.  Even for geometrically dissimilar objects and 
accounting for all three types of dipole and induced dipole VDW interactions, a binary-
additive integration yields identical results for both the PS(tip)-PA6(surface) and 
PA6(tip)-PS(surface) forces.  However, the binary additivity assumption almost certainly 
breaks down in the case of a non-polar substance interacting with a polar one across a 
geometrically-asymmetrical interface.  PS and polyamides (PA) both contribute 
dispersion (London) forces, whereas the dipoles in PA can induce dipoles in PS at close 
approach, e.g. tip and surface within 10 nm.  However, the collective effects of the 
surrounding dipoles on any given PA dipole, as well as the shape of the electric field they 
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generate, will be a function of the tip shape.  Placing molecules with a permanent dipole 
on the bottom surface creates a uniform electric field.  In contrast, if the permanent 
dipoles (PA6 or PA66) were placed on the 35° AFM tip, the induced electric field would 
have a different magnitude and direction.  In addition, only a small portion of the tip falls 
within 10 nm of the surface (the effective interaction distance).  Ordering of PA at the air 
or AFM tip interfaces could make this geometric dependence even stronger.  When PA is 
coated on the bottom surface (and PS on the tip), one expects a larger electric field acting 
to induce dipoles in a smaller number of PS molecules.  In the opposite situation, 
PA(tip)-PS(surface), a smaller electric field will act on a larger number of PS molecules.  
The force hysteresis observed in Fig 3-2 follows this reasoning, e.g., the PS(tip)- 
PA(surface) force is larger than the PA(tip)-PS(surface). 
 
Other potential causes of the discrepancies in Fig. 3 include differences in 
morphology and crystallinity between the coatings on the AFM tip versus the flat 
substrate surface.  Surface roughness, an indicator of morphology, can have a strong 
effect on adhesion 45, 77.  SEM images of the various modified AFM tips after repeated 
force measurements are shown in Figure 3-3. Our intention was to observe the condition 
of the tips looking for evidence of tears, cracks, or defects in the coating, or the 
accumulation of dust. The electron micrographs do not indicate any such defects.  While 
they do not provide direct evidence of a successful coating at the apex, neither do they 
suggest the coating was ineffective. They show that the modified AFM probes were 
coated with polymer, although the distribution of thickness was difficult to control.  Van 
der Waals interactions are known to be dominated by the atoms in the first ~10 nm, and 
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the effect of atoms deeper than 10 nm is negligible.42  Figure 3-3 indicates that coatings 
are visibly thicker than 10 nm, although the absolute thickness cannot be determined in 
this manner.   
 
Figure 3 – 3. SEM images of coated AFM tips. (a) PA6, (b) PA66, (c) PS.  Scale bars are 
2 μm (c) and 1μm (a, b). 
 
The SEMs indicate that the PA6, PA66 (Fig 3-3a and 3-3b) and PA-12 (not 
shown) tip coatings are rougher than the PS (4c) coatings, consistent with surface 
roughnesses measured on flat surfaces.  Table 3-2 presents Ra (arithmetic average height) 
and RMS (root mean square deviation of surface profile from Ra).  
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Table 3 – 2. Surface roughness of the various polymeric surfaces.  Uncertainty is ± 95% 
confidence interval. 





±  21.5 
124.1 
±  27.5 
93.4 
±  9.9 
6.6 
±  0.5 
0.2 
±  0.2 
RMS (nm) 
84.8 
±  21.5 
150.7 
±  29.8 
115.8 
±  11.5 
7.8 
±  0.8 
0.3 
±  0.2 
 
 
The rougher surfaces, e.g., the polyamides, displayed stronger mixed-chemistry 
adhesion forces in Figure 3-2 compared to when the surface coating was either PS or Si.  
However the PA66 surface, which is the roughest of all, produced adhesion forces which 
are statistically indistinguishable from the other polyamide surfaces.  Polystyrene (PS) 
has the smoothest coated surface, but self-adhesion forces with a PS-coated tip are larger 
than the PS tip’s interaction with any other surface.  This suggests that while surface 
roughness cannot be excluded as a factor determining tip-surface force hysteresis, it is 
probably not the primary influence.  Rather, the hysteresis seems to stem primarily from 
chemical differences between the tip and surface coatings. 
 
We are unaware of any microscopic or spectroscopic methods to unambiguously 
confirm the presence of a specific surface chemistry in the nanoscale region of the tip 
apex.  There have been hundreds of studies performed with chemically-modified AFM 
tips78-81, and a survey of this literature indicates that the change in measured forces on a 
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control surface is the standard method used to infer successful modification of the tip.  
Therefore, our approach in this work was to perform a large number of control 
measurements using substrates coated with the same materials as those applied to the 
modified tips.  The resulting matrix of interactions (Table 3 – 1) allows one to compare 
the like- and unlike- interactions between all of the modified and unmodified tips and 
surfaces.  If deposition of the polymers took place only at the base of the tip and not the 
apex, then there should be no difference in force measurements between the modified 
versus unmodified tip/surface combinations.  But we have observed forces that are 
consistent with successful apex modification.  We found two exceptions involving the 
most dissimilar coatings (PS-PA6 and PS-PA66) and these were pointed out in Figure 3 – 
2.  It is possible that this discrepancy between the coated-tip versus coated-surface 
measurement is due to incomplete coating on the apex, among other possible issues. 
 




Figure 3 – 4 shows pull-off distances associated with each of the force 
measurements discussed above.  For the unmodified tip, the trends in adhesion force were 
similar to trends among the pull-off distances. The weakest interaction, Si3N4 tip with PS 
surface, was evident also as the shortest pull-off distance. At about 450 nm, the silicon 
wafer surface had the longest pull-off distance with the Si3N4 tip, corresponding with that 
being the strongest force. 
 
However, the pull-off distances (Fig. 3 – 4) did not correlate with the adhesion 
force data for most of the coated-tip / surface interactions. This discrepancy could be due 
to factors discussed above concerning the tip-surface force differences. The PA6 – coated 
tip had longer than expected pull-off distances with the PA12, PS and silicon surfaces, 
compared to the PA6 and PA66 surfaces. The pull-off distances were greater than those 
of the unmodified tip, consistent with the adhesion force data shown in Table 3 – 1.  
PA66- and PA12-coated tips had relatively long pull-off distances that were not 
correlated with their moderate adhesion forces. The polystyrene coated tip had relatively 
short pull-off distances compared to the others. 
 
3.2.2 MODELING OF FORCE DATA  
 
Here, we compared the performance of four adhesion models in representing the 
measurements presented above. First, we used the values of ε and η in Table 3 – 3, with 
Israelachvili’s simplification42 of the Lifshitz theory, to estimate Atip-air-surface ( Eq. 2 – 5) 
and work of adhesion Δγ (Eq. 2 – 18).  Then Δγ and the measured forces were used to 
calculate the radii of contact via the JKR, DMT, and PT/FDR.  The contact radius from 
 54
the SPSF model was calculated from Eq. 2 – 30 by first determining the adhesion work 
(W) from the experimental force-distance curves, which is the triangular area bounded by 
the approach and retraction lines at the pull-off point. The tetrahedron area (atet) of the tip 
facing the plane was then computed by equating the right hand side of (Eq. 2-30) with 
(W/atet). The tip radius l is determined from atet using (Eqs. 2-22) and αtanxl = .  
 
 
Table 3 – 3. Relevant physical constants for the polymers, substrates and tips. (T = 
298K) 
Material ε (at 1 MHz) η 
PSa 2.5 1.6 
PA6a 3.5 1.5 
PA66a 3.6 1.5 
PA12a 4 1.5b 
Si 11.7c 3.9d 
SiO2 3.9e 1.5e 
Si3N4 (AFM tip) 7.5e 2.1e 
a – See Ref.73; b – Estimated; c – See Ref. 82; d – See Ref.83; e – See Ref.84. 
 
The computed contact radii are compared to radii estimated from the experimental 
approach curves, RApproach.  For the non-contact models, PT/FDR and SPFS, we use the 







Table 3 – 4. Average contact radii (nm) derived from adhesion models of experimental 
forces (RJKR, RDMT, RPT/FDR, RSPFS) and from experimental approach curves (RApproach).  
Most error bars are within +/- 10% of the mean value. 















PA6 Si3N4 13.3 4.6 3.5 3.6 126 17.2 
PA6 PA6 7.9 11.7 8.8 9.0 136 27.6 
PA6 PA66 7.9 9.1 6.9 7.0 256 34.1 
PA6 PA12 7.9 11.9 8.9 9.1 259 39.2 
PA6 PS 8.6 16.1 12.1 12.2 112 30.2 
PA66 Si3N4 13.3 4.3 3.2 3.4 135 17.2 
PA66 PA6 7.9 7.3 5.5 5.6 146 22.5 
PA66 PA12 7.9 7.3 5.5 5.6 255 30.4 
PA66 PS 8.6 14.3 10.8 10.9 88 25.4 
PA12 Si3N4 13.3 3.8 2.8 3.0 110 14.6 
PA12 PA6 7.9 10.5 7.9 8.1 277 36.6 
PA12 PA66 7.9 9.4 7.0 7.2 278 35.7 
PA12 PS 8.6 7.5 5.7 5.8 157 24.2 
PS Si3N4 14.6 2.2 1.7 1.8 74 9.6 
PS PA6 8.6 8.9 6.7 6.8 312 37.5 
PS PA66 8.6 6.1 4.6 4.7 288 29.5 
PS PA12 8.6 6.2 4.7 4.8 360 33.4 
PS PS 9.4 18.6 13.9 14 128 34.8 
Si* Si3N4 41.5 2.9 2.2 2.3 218 18.8 
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Si* PA6 23.4 5.7 4.2 4.4 352 31.8 
Si* PA66 23.4 4.6 3.5 3.0 169 19.8 
Si* PA12 23.4 2.4 1.8 2.0 179 14.6 
Si* PS 25.7 2.5 1.8 2.0 226 16.8 
aHamaker constants, A = Atip-air-surface, were calculated using Lifshitz theory with constants 
in Table 3. 
 
The contact radii (in Table 3 – 4) calculated using the experimental approach 
curves (RApproach) are always about 1 magnitude higher than those calculated using the 
JKR, DMT, PT/FDR and SPFS theories.  The JKR, DMT, and PT/FDR models yield the 
lowest contact radii estimates, but are all three similar in magnitude falling in the range 2 
to 18 nm.  These values are slightly smaller than radii commonly reported in previous 
studies, e.g., ~20 - 50 nm46, 85.  The contact radii predicted from the SPFS theory are 
intermediate between the RApproach values and the JKR, DMT, and PT/FDR models.  
Values of RSPFS fall in a range that is generally reported for tip-radii in AFM force-
distance measurements, e.g., ~20 - 50 nm46, 85.   
 
It is likely that the contact radii from the experimental approach curves are 
overestimated for the AFM measurements presented here, for reasons discussed above 
(see Figure 3-1).   
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Maugis63 had suggested that a dimensionless parameter λ be used to determine 
whether the JKR or the DMT model is appropriate for the system under study. He opined 
that for ∞→λ  (λ ≥ 5) the JKR model applies while the DMT model is more suitable for 
systems with 0→λ  (λ ≤ 0.1). For comparison purposes, we have included in Table 5 the 
Maugis numbers using the contact radii calculated from the JKR, DMT, Approach curve 
and SPFS models. The PT/FDR model is excluded as it does not use a straightforward 
work of adhesion parameter in its calculations. The Maugis numbers calculated from the 
4 models were all in the range of 4 x 10-15 to 4 x 10-18, indicating that the DMT model 
would be preferable.  However we included JKR for a complete comparison, since this 
model is very commonly used in the literature. 
 
Table 3 – 5. Maugis number, λ, derived from the AFM tip contact radii calculated via the 











PA6 PA6 2.0 1.9 4.6 2.7 
PA6 PA66 1.8 1.7 5.5 2.8 
PA6 PA12 2.8 2.5 7.7 4.1 
PA6 PS 2.3 2.1 4.5 2.9 
PA66 PA6 1.7 2.5 4.6 2.5 
PA66 PA12 2.3 2.1 7.5 3.7 
PA66 PS 2.2 2.0 4.0 2.6 
PA12 PA6 2.7 2.4 7.9 4.0 












PA12 PS 2.5 2.3 6.8 3.7 
PS PA6 1.9 1.7 6.2 3.1 
PS PA66 1.6 1.5 5.9 2.7 
PS PA12 2.3 2.1 8.9 4.0 
PS PS 2.5 2.3 4.8 3.1 
 
Table 3 – 6  shows Hamaker values obtained by substituting experimentally 
determined RApproach and forces into the DMT model.  The average Hamaker values 
computed using this method are an order of magnitude smaller than is reasonable, 
(comparing to experiments and Lifshitz’s theory for these materials). Since these 
Hamaker values are clearly underestimated using RApproach, this contact radius not used 
further in our calculations. 
 
Table 3 – 6. Average Hamaker constants, J x 1021, derived from contact radii using the 
experimental approach curves’ method and assuming DMT model. 
AFM Tip Coating 
  
Surface Si3N4 PA6 PA66 PA12 PS 
PA6 3.69 3.95 2.74 3.98 9.23 
PA66 3.18 6.33 -* 1.49 10.28 
PA12 5.03 0.88 2.06 -* 3.08 
PS 5.39 2.89 3.44 2.24 10.2 
Si 2.18 2.82 4.76 2.38 2.1 
Table 3 – 5 (continued) 
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*(Hamaker constants were not available as force data for PA66 - PA66 and PA12 – PA12 
interactions could not be obtained reliably.) 
 
 
Of the four models investigated here, the SPFS model yielded the most reasonable 
estimates of tip radii.  Here we demonstrate one avenue for using SPFS to calculate 
Hamaker constants.  Our approach was to use the RSPFS determined from a well-known 
‘reference’ Hamaker value (PS-PS interaction in air), and assume this RSPFS is a constant 
for the other measurements.  The value of the PS-PS Hamaker constant used for our 
calculations was 7.35 x 10-20 J86, 87.  This resulted in a ‘reference’ RSPFS of 34.8 nm.  By 
using this reference RSPFS in (Eq. 2-30) together with the integrated experimental force-
distance data (W), we obtained Hamaker constants, A, of the different tip-surface 
interactions.  The results are shown in Table 3-7 and are of a magnitude close to that 
predicted by the Lifshitz theory.  
 
Table 3 – 7. Comparison of average Hamaker constants, J x 1020, calculated using the 
SPFS model based on PS-PS Hamaker value obtained from Israelachvili’s simplified 
Lifshitz theory. 
AFM Tip Coating 
  
Surface Si3N4 PA6 PA66 PA12 PS 
PA6 5.65 8.46 12.9 17.2 11.1 
PA66 5.49 5.84 -* 10.4 8.16 
PA12 3.92 1.52 1.49 -* 7.18 
PS 1.8 16.7 10.7 13.7 7.35 
Si 20.2 33.1 13.1 7.04 10.1 
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*(Hamaker constants were not available as force data for PA66 - PA66 and PA12 – PA12 
interactions could not be obtained reliably.) 
 
While radii of contact calculated separately for each tip-surface pair yielded 
unreasonably small values, we investigate whether trends in forces versus calculated 
work of adhesion can yield better estimates.  Contact mechanics theories (JKR or DMT) 
predict that plotting the measured adhesion forces F against the work of adhesion Δγ for a 
series of materials should yield a line with slope proportional to R if the elastic moduli 



























Calculated (-Δγ) (N/m)  
Polymer surface 
Figure 3 – 5. Measured pull-off forces correlated against calculated work of adhesion for 
interactions between modified and unmodified AFM probes on various polymeric 
surfaces (PA6, PA66, PA12 and PS).  
 
We plotted the measured F values versus the Lifshitz-calculated Δγ in Figure 3-5.  
The results indicate that for this polymer series F does not in general scale linearly with 
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the respective Δγ.  However, a subset of the tip-coating / surface combinations (PS/PS, 
PS/PA6, PS/PA66, PA6/PA6, PA6/PA12, PA66/PA12, PA6/PA66 and PA12/PA66) 
yield a line with slope of 250 nm. For those pairs of tip coatings and surfaces whose 
adhesion force values scale linearly with Δγ, dividing the slope value by 1.5π or 2π (JKR 
or DMT) yields a contact radius of 50 nm or 40 nm, respectively.  Feldman46 observed a 
similar scaling for a series of polymers (PS, i-PP, PVDF and FEP) interacting with a SiOx 
AFM tip.  They calculated a contact radius of 51 nm assuming a JKR model, in close 
agreement with our value using the same model.  These values are also lower than the 
RApproach obtained from the approach curves, but are 2 to 5 times larger than the radii 
calculated directly from the JKR, DMT, and PT-FDR models for each of the tip-surface 
pairs.  The polymers that fall on this line include all of the self-interactions, all of the 
polyamide-polyamide interactions, and interactions between with PS-tip and PA-surface 
(with the exception of the softest and most hydrophobic, PA12).  This is expected since 
JKR and DMT theory were derived strictly to model the relationship of F vs. R for 
constant Δγ, e.g., when the tip and surface coatings are the same.  The other group of tip 
coatings and surfaces (PS/PA12, PA6/PS, PA66/PS, PA12/PS, Si3N4/PA6, Si3N4/PA66, 
Si3N4/PA12 and Si3N4/PS) show no significant relationship between F and Δγ .  We note 







We applied atomic force microscopy to measure adhesion forces between 
polyamides and various surfaces by coating AFM tips with the respective polymers.  We 
observed a discrepancy in “mirror-image” force measurements between coated AFM tips 
and flat coatings.  Namely, chemically dissimilar polymers show significantly different 
interaction forces depending on the placement of each polymer on the tip versus on the 
flat surface.  The strongest differences were shown between PS and PA, in which the 
force for PS(tip)- PA(surface) was three-times larger than the reversed PS(surface)- 
PA(tip) situation.  This phenomenon could be a significant effect in AFM-based 
measurements of interactions between dissimilar materials.  Developing methods or 
models to circumvent this difficulty is an important subject for future research.  We 
found that a simple Hamaker-type model of a square pyramidal tip interacting with a flat 
substrate (SPFS) gave radii of contact that were in the range expected for AFM 
measurements and lead to Hamaker constants in the appropriate range for this class of 
materials.  Three other adhesion models (the JKR, DMT and PT/FDR) gave smaller 
contact radii estimates that subsequently would lead to overestimated Hamaker values.  
JKR and DMT theory yield a contact radius close to that of the SPFS when trends in the 
relationship of force and work of adhesion are plotted for a series of similar chemistry, 
instead of making calculations for each data point.  In this case the slope of F vs Δγ is 
equal to 1.5R (JKR) or 2R (DMT).   
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CHAPTER IV 
QUANTIFICATION OF E. coli ADHESION TO POLYAMIDES AND 
POLYSTYRENE WITH ATOMIC FORCE MICROSCOPY 
Reproduced with permission from Thio, B.J.R.; Meredith, J.C., Colloids and Surfaces B: 




Atomic force microscopy (AFM) was used to measure adhesion forces between E. 
coli bacteria and surfaces consisting of a series of polyamides and polystyrene, materials 
that are prominent in carpeting, upholstery and other indoor surfaces. Bioparticle 
adhesion to such surfaces in air is poorly understood, yet these interactions are thought to 
play a key role in their accumulation and release as indoor air pollutants. The polymers 
employed were polyamide 6 (PA6), polyamide 6,6 (PA66), polyamide 12 (PA12) and 
polystyrene (PS).  We report the interaction forces between immobilized E. coli and 
AFM tips coated with each polymer.  The adhesion forces for the tip-bacterial 
interactions were in the range between 2.9 and 6.7 nN, which is of the same magnitude as 
the polymer-polymer interactions for the same series of polymers.  Polystyrene had 
stronger adhesion with E. coli than any of the three polyamides, by an average factor of 
1.4.  The work of adhesion and Hamaker constants of the probe – surface interactions 
were calculated using a square-pyramid flat-surface model developed previously. With 
these values, we determined the average E. coli-polyamide adhesion (F ~ 4nN) is about 
the same strength as polyamide-polyamide adhesion. Ordinary indoor activities such as 
foot traffic are estimated to be unlikely to generate enough draft (F ~ 0.2 nN) to release 
the cells into the air from the polymer surfaces. However, higher air flow rates induced 
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by many commercially available vacuum cleaners appear to be sufficient to remove 




Atomic force microscopy (AFM) has been adapted in recent years to measure 
interactions between particles and surfaces.  Ducker et al88 first reported in 1991 the use 
of a ‘colloid probe’ technique where the AFM tip was replaced by a particle of known 
geometry and composition as a means to measure directly the force between a planar 
surface and an individual colloid particle.  Other researchers applied this method to 
investigate the discrepancies between theoretical DLVO force curves and AFM pull-off 
forces in electrolytes.89 This technique was later extended to immobilize a single 
microbial cell at the apex of a tipless cantilever to produce cell probes for bio-adhesion 
studies.90  Reviews79, 91 indicate that the majority of studies report cell-surface 
interactions in aqueous environments.  For relevance to air quality, we are interested in 
bioparticle – surface interactions in air. 
 
In the previous chapter, we reported a methodology for coating AFM tips with 
polymers and then using these coated tips for measurements of polymer-polymer 
adhesion forces.92 This approach is extended here to measure the adhesive interactions of 
E. coli with AFM tips coated with Nylon-6 and Nylon-6,6, materials prevalent in indoor 
environments as carpeting and upholstery.  In addition to bare AFM tips, polystyrene- 
and polyamide-12-coated tips were used as controls for comparison.  We also present 
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calculations for the effective contact radii and Hamaker constants of the bacterial – 
polymer interactions in air.  
 
4.2 EXPERIMENTAL MATERIALS AND METHODS 
 
4.2.1 POLYMER FILM SAMPLES AND PREPARATION 
 
A series of thin polymer films were prepared on piranha-etched silicon to be used 
as substrate for this study. These consisted of polystyrene, (PS, average molecular mass = 
100,000, Avocado Research Chemicals, Lancashire, England), Nylon 6, (PA6, average 
molecular mass = 10,000, Aldrich Chemical Co., Inc., Milwaukee, WI) and Nylon 6/6 
(PA66, average molecular mass = 22,000, Aldrich Chemical Co., Inc., Milwaukee, WI).  
Polyamide 12 (PA12, average molecular mass = 40,000, Atofina Chemicals, 
Philadelphia, PA) is included in this study to investigate the effect of amide structure on 
interactions.  The PS solution was prepared by dissolving 10% by mass in toluene while 
1% by mass PA6, PA66 and PA12 solutions were prepared in hexafluoroisopropanol 
(HFIP, TCI America, Portland, OR).  Polymer films were made by a knife-edge coating 
technique described in detail elsewhere 66, 67.  Films were annealed at 80 °C under 
vacuum for 2 hours. 
 
4.2.2 AFM PROBES AND THEIR MODIFICATIONS  
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The AFM used was a Thermomicroscopes™ Explorer (Veeco Metrology Inc., 
Santa Barbara, CA). Standard V-shaped silicon nitride cantilevers from Veeco of spring 
constant 0.10 N/m were used for the force spectroscopy. The scanner has a Z range of 10 
μm. A micromanipulator was used in conjunction with a binocular microscope 
(magnification 20x) to dip AFM tips into a dilute polymer solution (~1 wt %) resulting in 
a coated tip, as described previously.92  The coated tips were dried in air for one day 
before being used for the force measurements.  The same tip was used to measure all 
bacterial – tip interactions within a given polymer series, to ensure a constant spring 
coefficient.  Prior to the force measurements, the AFM was used in imaging contact mode 
to determine that the E. coli on the polymer surface were non-overlapping.  Force 
measurements were taken on the top of randomly selected intact cells.  SEM images of 
the modified AFM tips were shown previously92 and we demonstrated that the polymer 
layers on the tips were sufficiently thick to screen out the effect of the silicon nitride.  
 
4.2.3 BACTERIAL STRAIN, GROWTH CONDITIONS, AND HARVESTING   
 
The gram-negative strain E. coli DH5αpro, which occurs commonly in the human 
body, was obtained from Andreas Bommarius’ lab at Georgia Tech.  E. coli was grown 
aerobically in agar broth nutrient (EMD Biosciences, San Diego, USA) at 37oC. The 
bacteria were harvested by centrifugation (5 min at 10,000 x g), washed twice with 
deionized water, and resuspended in water.  A droplet of bacterial suspension (5 – 10 μL) 
was placed onto the chosen substrate and left to dry in ambient air for about a day. The 
concentration of the bacterial suspension was ~ 108 – 109 mL-1. 
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4.2.4 CONTROL OF HUMIDITY 
 
For the AFM force measurements in air, humidity and grounding of the sample 
surface are important in order to control static electrical charges.  The AFM was enclosed 
in a humidity-controlled acrylic chamber.  The relative humidity (RH) in the laboratory 
has a typical relative humidity of 20 – 35%.  This variation was unacceptable and led to 
cases of unwanted electrostatic potential forces. For our measurements at room 
temperature the RH within the chamber was held at 40%. Higher humidity might cause 
capillary effects to become significant but these tend to occur when the relative humidity 
is above 65% 68.   
 
4.2.5 FORCE MEASUREMENTS   
 
In the previous chapter we reported force measurements made between both 
coated and unmodified AFM tips and control surfaces composed of the polymers under 
study here.92  That study indicated the reliability of the coated-tip AFM measurements 
and enabled the development of a model for calculation of contact radii and Hamaker 
constants with coated AFM tips.  In this chapter, the interactions between the same 
coated AFM tips used previously and immobilized E. coli were measured in air.  To 
investigate potential effects of the substrate, we considered E. coli immobilized on four 
different surfaces (PA6, PA66, PS and Si).  For a set of specific tip-surface force 
measurements, 30 force curves were taken randomly from intact E. coli cells on two 
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separate wafer surfaces within three 10 μm by 10 μm areas on each surface.  From the 
force versus distance measurements, a calculation based on the Square Pyramid Flat 
Surface model (SPFS) developed in our previous publication92 was performed to estimate 
Hamaker constants, contact radii and work of adhesion for the different tip – bacterial 
surface interactions. 
 
4.2.6 SCANNING ELECTRON MICROSCOPY (SEM)  
 
SEM (Hitachi Model S-800) was used to confirm that the modified tips were 
indeed coated with the respective polymers.  The tips were mounted on to metal stubs 
using carbon tape before imaging using an accelerating voltage of 10 kV. 
 
4.3 RESULTS AND DISCUSSIONS  
 
Table 4 – 1 shows the average forces obtained for each tip and E. coli / substrate 
combination studied.  For comparison, these raw forces are of similar magnitude and 
range as the forces that we measured for the corresponding polymer-polymer interactions 
(1.5 to 8 nN using the same coated tips), published previously.92   
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Table 4 – 1. Adhesion Force distributions (at 95% confidence interval) for various tip–
bacteria-surface interactions.  
 
Adhesion Force (nN) 
AFM Tip Coating 
Bacterial Surface Si3N4 PA6 PA66 PA12 PS 
PA6 3.7 ± 0.4 4.9 ± 0.8 3.1 ± 0.3 3.6 ± 0.3 5.2 ± 0.6 
PA66 3.9 ± 0.5 3.5 ± 0.5 * 3.4 ± 0.4 5.3 ± 0.6 
PA12 4.0 ± 0.5 * * 4.2 ± 0.4 6.7 ± 0.5 
PS 3.4 ± 0.5 3.5 ± 0.4 2.9 ± 0.3 2.9 ± 0.2 4.7 ± 0.6 
Si 4.1 ± 0.5 5.2 ± 0.6 4.8 ± 0.5 4.1 ± 0.5 5.5 ± 0.7 
*Force data for the PA66 - PA66, PA6 – PA12 and PA66 – PA12 interactions could not 
be obtained reliably. 
 
The Si3N4 unmodified tip data (1st column on left of Table 4 – 1) indicates that 
changes in the substrate under the E. coli did not change the bacteria-probe interaction.  
However, for the other tip coatings, the measured force was different depending on the 
substrate the bacteria were deposited onto.  The E. coli deposited on polystyrene had the 
weakest adhesion forces for the same set of coated tips, compared to E. coli on other 
polymeric surfaces, while bacterial cells on silicon wafers exhibited the strongest 
adhesion to the AFM tips with the exception of cells on the PA12 surface.  These 
observations suggest that the underlying substrate may affect the presentation of chemical 
groups or the physical morphology of the E. coli surface.  For this reason, comparisons 




Regardless of the underlying substrate, however, a number of trends are apparent.  
In the majority of cases, the polyamide (PA6, PA66 and PA12) adhesion forces were 
comparable to or less than those of the unmodified silicon nitride tip. The force 
distributions of the three types of polyamides-coated tips do not differ significantly from 
each other, although PA6 displayed the strongest adhesion force among them.  The 
polystyrene (PS) tip showed the strongest adhesion to the bacteria – stronger than the 
polyamide-coated and unmodified tips.  This might appear surprising given the presence 
of hydrogen-bonding and polar groups in the polyamide.  E. coli have an approximate 
cell surface composition of ¾ sugar oligomers and ¼ proteins.93  The amphiphilic 
character of the oligosaccharides means that different kinds of forces may be involved in 
their interactions with various surfaces.  The presence of hydroxyl groups on the sugars 
would allow intermolecular hydrogen bonding with the polar amide bonds of the Nylons.  
Single molecule sugar ligand-protein interactions are typically a mix of hydrogen bonds 
(< 7 kcal/mol94) and van der Waals  contacts,95 and require multi-valency and water96 to 
maintain strong bonding and stability.97, 98  Alternatively, it is well-known that non-polar 
C-H bonds can engage in weak charge-transfer complexes with π orbitals such as those in 
phenyl rings99.  This CH/ π interaction, while weak (~ 1 kcal/mol) for single molecules, 
becomes significant for macromolecules with multiple interacting groups.  Most 
importantly, unlike hydrogen bonds, CH/ π interactions can take place in both polar and 
non-polar media. In addition, the CH/ π interactions benefit entropically from the many 
symmetrical configurations possible between CH and flat π-orbital systems, whereas 
hydrogen bonds require a much smaller range of molecular orientations.  Fernández-
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Alonso and co-workers provided an in-depth study of the physicochemical nature of 
sugar-aromatic interactions and showed that the C-H/π complex is stable from both 
theoretical and experimental viewpoints.55  These observations suggest at least one 
plausible reason for the observed strong interaction between the bacterium surface and 
the PS aromatic rings.   
 
In addition to specific interactions, it is likely that PS simply has larger VDW 
dispersion interactions with E. coli than the polyamides.  From our earlier work92 
comparing PS and polyamide self- and cross-interactions, the measured Hamaker 
constants were always higher if one of the surfaces was PS.  For example, PA6-PS had a 
higher Hamaker constant (and adhesive force) than PA6-PA6 or PA66-PA66. 
 
To see if surface roughness of the bacterial surface plays a role in the adhesion 
force, roughness was measured using the AFM and the results are displayed in Table 4-2. 
The average roughness (Ra) values for the bacteria surfaces ranged from 11 to 14 nm and 
were statistically indistinguishable from one another. The results indicate that the 
polymer substrate the cells reside on does not influence the roughness or topography of 
the E. coli.  This suggests that E. coli surface chemistry rather than surface roughness 








Table 4 – 2. Surface roughness of the bacterial surfaces deposited on different polymers 
calculated using the AFM with 95% confidence intervals. 
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In addition to lipopolysaccharides which cover about 75% of the bacterium’s 
surface, many bacterial cells also have proteins on their outer membrane.  Each 
individual AFM measurement would be taken at a different contact area and thus the 
chemical bond interactions with the AFM tip could be different even if the measurements 
are made on the same bacterium.  Thus variations in adhesion force and pull-off distances 
should occur at the single cell level, in a population of cells on a polymer substrate 
surface, and on cells in different polymer substrate surfaces.  We did not isolate the three 
scenarios to compare their variations, but the scatter in our data was consistently seen to 
be a 95% confidence interval of +/- 10% of average values.  
 
We also considered the cell shape and curvature, whether the cells had been lysed 
accidentally, or if the cell wall had collapsed during the harvesting, centrifuging and 
drying processes.  Figure 4-1 shows two AFM contact mode images of the bacterial cells 
on a polystyrene substrate.  Some bacterial cells (Fig. 4-1b) had lysed during sample 
preparation.  Thus prior to AFM force measurements, a contact mode scan was used to 
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determine that the AFM tip would be approaching at the flattest part of intact bacterium 
surfaces. 
 
Figure 4 – 1. Typical AFM contact mode images of E. coli deposited on a polystyrene 
polymer substrate surface: (a) 10 μm x 10 μm scan area with 0 to 235 nm height (linear 
from darkest to lightest) and (b) 10 μm x 10 μm scan area with 0 to 296 nm height (linear 
from darkest to lightest). 
 
The pull-off distances for the different polymer coated AFM tips varied between 
400nm to about 800nm.  The PS-coated tip had the longest pull-off distance, which is 
consistent with the adhesion force distribution.  For the other tip-cell surface 
combinations, there are no obvious trends between polymer and pull-off distances (Figure 

























Surface on which E. coli is deposited on
i
  
AFM tip coating: 
Figure 4 – 2. Pull-off distance distributions for tip-bacteria surface interactions presented 
in Table 4 – 1. 
 
 
4.3.1 MODELING OF ADHESION FORCE DATA 
 
We applied the SPFS model to the adhesion force data to calculate the radii of 
contact and Hamaker constants between E. coli and the coated AFM probes, shown in 









Table 4 – 3. Calculated parameters for the SPSF model for interactions between E. coli 
immobilized on various polymer surfaces and modified AFM probes.   Uncertainties are 




Rcontact (nm)  
(SPFS) 
Atip-bact 
 (J x 1020) 
Apolymer-polymer 
(J x 1020) 
Si3N4 PA6 17.2 ±  1.7 16.1 ±  3.5 13.3 
Si3N4 PA66 17.2 ±  1.0 24.6 ±  7.7 13.3 
Si3N4 PA12 14.6 ±  1.2 25.4 ±  6.3 13.3 
Si3N4 PS 9.6 ±  0.6 55.0 ±  15.3 14.6 
Si3N4 Si 18.8 ±  1.7 19.3 ±  2.7 41.5 
PA6 PA6 27.6 ±  2.1 7.1 ±  2.3 7.9 
PA6 PA66 22.5 ±  2.7 8.3 ±  2.2 7.9 
PA6 PS 37.5 ±  1.6 3.7 ±  0.5 8.6 
PA6 Si 31.8 ±  2.0 10.6 ±  1.8 23.4 
PA66 PA6 34.1 ±  2.3 3.8 ±  0.9 7.9 
PA66 PS 29.5 ±  2.5 7.0 ±  1.3 8.6 
PA66 Si 19.8 ±  1.5 18.5 ±  6.2 23.4 
PA12 PA6 39.2 ±  3.3 3.4 ±  0.8 7.9 
PA12 PA66 30.4 ±  2.9 5.4 ±  1.6 7.9 
PA12 PS 33.4 ±  2.9 3.2 ±  1.0 8.6 
PA12 Si 14.6 ±  1.0 19.4 ±  3.8 23.4 
PS PA6 30.2 ±  2.5 12.8 ±  3.4 8.6 
PS PA66 25.4 ±  3.1 14.1 ±  3.4 8.6 
PS PA12 24.2 ±  2.5   26.7 ±  9.2 8.6 
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Rcontact (nm)  A  
 (J x 1020) 
Apolymer-polymer 
(J x 1020) (SPFS) 
tip-bact
PS PS 34.8 ±  1.0      7.7 ±  1.3 9.4 
PS Si 16.8 ±  0.5 40.9 ±  7.3 25.7 
 
Contact radii ranged between 10 nm to 20 nm for the bare tip and between 20 nm 
to 40 nm for the polymer coated tips.  This observation is reasonable, since the polymer 
coating is expected to reduce the curvature slightly by covering the sharp Si3N4 tip.  The 
polymer-bacterial Hamaker values (Atip-bacteria) ranged between 3 to 55 x10-20 J, with the 
highest values observed for bare Si3N4 tips.  Other studies that have computed Hamaker 
constants using AFM force data for biological100 and non-biological systems46 were 
performed in liquid (aqueous) media.  Hence, as expected, those values are about a 
magnitude smaller than the Atip-bacteria we report here for interactions in air.  In general 
Hamaker constants between two similar surfaces in air are larger than those in liquid 
medium, and the usual result for water versus air is about 1 order of magnitude smaller in 
water.  Table 4-3 also shows, for comparison, the Hamaker constants we measured 
previously for the same polymer-coated tips and neat polymer surfaces in air.92  These 
indicate that polymer-E. coli interactions in air are about the same magnitude as the 
corresponding polymer-polymer interactions, providing a type of ‘calibration’ for the 
forces encountered.     
 
While a fully detailed model of the effect of these adhesion forces on particle 
distributions in air is beyond the scope of this work, it is possible to use the 
 77
measurements to provide meaningful boundary conditions.  For example, Hamaker 
constants can be used to estimate the energy of adhesion per unit area between 2 flat 
surfaces, Δγ, by the relation:  




γ =Δ       (4 – 1) 
where D0 = 0.165 nm is the nominal value used for cutoff separation.42  Applying this 
relation to the case of an E. coli – PA6 interaction which has a Atip-bact value of about 7 x 
10-20 J as shown in Table 3. From equation (4 – 1), Δγ is 0.068 J/m2.  As already pointed 
out for the raw force data (Table 4 – 1), this work of adhesion is very similar to the range 
of values measured in our previous study of polymer-polymer interactions.92  Hence, 
bacterial-polyamide adhesion is about the same strength as polyamide-polyamide 
adhesion. 
 
One significant question related to indoor air quality is whether adhesive energies 
of this magnitude will prevent the redistribution of bacteria adhered to surfaces into the 
air under normal air flows.  One approach is to estimate typical air flow velocities and 
use this to calculate the drag force on a model particle, then compare that drag force to 
the measured adhesive forces to see which is greater.  Presumably, if the air-flow-induced 
drag force is significantly higher than the adhesive force, the particle may be lifted free of 
the surface.  The average measured adhesion force between a cell and the PA6-coated tip 
is about 4 nN from Table 4 – 1. This adhesion force is about 106 times greater than the 




The drag force on a smooth sphere is given by101, 102: 
     
2
2vACF PDD ρ=     (4 – 2) 
where ρ is the fluid density (ρair = 1.2 kg/m³ at sea level), v2 is the air velocity, AP is the 
projected surface area, and CD is the drag coefficient (a function of the Reynold’s 
number).  We estimate the air velocity created by compression of a nominal 1 cm thick 
carpet pile by a foot step in the following manner.  Using a nominal foot size of 10 cm by 
30 cm, multiply by the pile thickness (1 cm) and assuming it is compressed in 0.1 s, leads 
to a volume flow rate of 0.003 m3/s.  If this volume of air is released from the sides of the 
compressed carpet, then the resulting velocity is v = 0.32 m/s (independent of carpet 
height).  Assuming that the bacterium is a sphere with a diameter of D = 1 μm, and taking 
the air viscosity to be μ = 1.8x10-5 Pa s, the Reynold’s number is Re = Dvρ/μ = 0.025.  
Since this is well within the regime of Stoke’s flow, CD = 24/Re = 960, resulting in a drag 
force FD of 0.25 nN.  This drag force is smaller than the forces measured here for 
bacteria-polymer adhesion, ~ 4 nN, indicating that air flow induced by foot traffic is 
probably insufficient to release adhered E. coli from Nylon (polyamide) carpeting.  For 
comparison, consider that many commercially-available vacuum cleaners specify air flow 
rates (in the hose) in excess of 100 miles per hour, or v = 44 m/s.  This velocity yields a 
drag force of 37 nN, which is sufficient for removing particles that adhere with a 4 nN 
attractive force.    
 
 
4.4 CONCLUSIONS  
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We have reported measurement of adhesion forces between E. coli and polymers 
used in synthetic carpeting, upholstery, and other indoor surfaces.  Using a simple 
Hamaker-type model of a square pyramidal tip interacting with a flat substrate (SPFS) 
developed previously, we estimated the work of adhesion and Hamaker constants of the 
probe-surface interactions.  These values were the same magnitude as the polyamide self 
interactions. Among the polymers we employed polystyrene-coated tips showed the 
strongest adhesion with the bacterial surfaces, averaging about 1.4 times stronger than 
polyamide-coated tips.  One of the plausible reasons is the presence of the carbohydrate-
aromatic interactions between the bacterium cell surface and PS aromatic rings. 
Additionally, PS has larger VDW dispersion forces compared to the polyamides.92 
 
The significance of the measured forces to indoor air quality can be estimated by 
comparing to drag forces encountered in normal household activities.  The magnitude of 
the bacteria-polymer adhesion forces probably prevents their detachment due to air flow 
induced by foot traffic.  However, higher velocities induced by cleaning (vacuuming) 
appear to be sufficient to remove particles.  Knowledge gained from such investigations 
will not only assist our understanding of bioparticle – polymer interactions, but may also 
lead to useful strategies for the design of indoor carpet polymer material properties for 
the improvement of indoor air quality by trapping undesirable bio-particulates. 
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CHAPTER V 
CHARACTERIZATION OF RAGWEED POLLEN ADHESION TO 




The adhesive behavior of short ragweed (A. artemisiifolia) pollen grains to 
polymers was studied by means of atomic force microscopy (AFM). The polyamides 
were chosen due to their use in synthetic carpet, while pollen allergens are a leading 
cause of asthma and allergies in the indoor environment. Polymers employed in our study 
were Nylon 6 (N6), Nylon 6,6 (N66) and polyamide 12 (PA12), with polystyrene (PS) 
and silicon as controls. Single pollen grains were attached to the tip of an AFM 
cantilever, which was then used to measure the pollen adhesion force with polymers of 
interest. Humidity and pollen compliance were investigated as potential artifacts, but 
were shown to be insignificant under the measurement conditions. A typical pollen grain 
had an average adhesion force of 10 ± 3 nN to a flat polymer surface, independent of 
surface type. We conclude that van der Waals forces are the primary mechanism for 
adhesion and that the number of contacts formed, and hence the total force, is controlled 





Indoor air quality is an important factor in respiratory health, especially asthma, 
which affects 20 million people at a cost exceeding $10 billion annually in the US 
alone.103, 104 Floor coverings and upholstery are thought to have a dramatic effect on the 
indoor accumulation and distribution of biological allergenic particulates (mold, dust 
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mites, pet dander, and pollen).  Airflow models have suggested that carpeting has a 
positive effect on air quality because particles adhere to fibers and this is thought to 
hinder their release back into the air.  However there is also disagreement about this 
conclusion6, which may reflect several significant unknowns: differences in adhesion due 
to particle origin (species), shape (fragments versus whole particles), carpet material (N6, 
N66 or PET),  and the presence of soil- and stain-resistant treatments. Perhaps the most 
significant unknowns are the adhesive force magnitude and mechanism. 
 
Pollens represent the most important source of natural allergens105, yet very little 
is known about their adhesion to carpet, let alone to synthetic polymer material. Proteins 
from flowering-plant pollen grains are well-known allergens with their adverse human 
health effects.106, 107 Significant allergenic pollens include ragweed (Ambrosia), grasses 
(Poacea, Phleum), and birch (Betula). All are from wind-pollinating plants, and the 
massive production and dispersion of pollen grains into the atmosphere is a main 
contributor to allergies.108 While exposure to such natural allergens is unavoidable, it is 
desirable to design protective and preventative measures to minimize their negative 
impact. Understanding the adhesion of pollen grains to polymer surfaces is an important 
aspect in designing modified indoor surfaces.  
 
Since the invention of atomic and lateral force microscopy (AFM and LFM) in 
the 1980s109, researchers have used both techniques extensively to characterize 
nanometer-scale, surface chemical interactions in the field of microbiology35, 79. AFM 
provides quantitative, real-time, spatially-resolved information on the interactions 
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between the scanning probe and the sample surface at ambient conditions. In this study, 
the ‘colloidal’ AFM probe method developed by Ducker et al88 has been adopted to 
measure the adhesion forces of ragweed pollen with polymers widely used in carpet: 
Nylon 6 and Nylon 6,6. Force measurements of the pollen grains interacting with the 
polymer surfaces were used to understand the general behavior of pollen adhesion to 
surfaces. Polystyrene, polyamide-12 and silicon were included as controls for 
comparison.   
 
5.2 EXPERIMENTAL SECTION: MATERIALS AND METHODS 
 
5.2.1 POLYMER FILM SAMPLES AND PREPARATION 
 
Thin polymer films were prepared on Piranha-etched silicon wafers. These 
included polystyrene, (PS, average molecular mass = 100,000, Avocado Research 
Chemicals, Lancashire, England, average molecular mass = 2330, 3680 and 114200, 
Aldrich Chemical Co., Inc., Milwaukee, WI), Nylon 6 (PA6, average molecular mass = 
10,000, Aldrich Chemical Co., Inc., Milwaukee, WI), Nylon 66 (PA66, average 
molecular mass = 22,000, Aldrich Chemical Co., Inc., Milwaukee, WI), and polyamide 
12 (PA12, average molecular mass = 40,000, Arkema Group, Philadelphia, PA). The PS 
solution was prepared by dissolving 10% by mass in toluene while 1% by mass PA6, 
PA66 and PA12 solutions were prepared in hexafluoroisopropanol (HFIP, TCI America, 
Portland, OR).  Polymer films were made by spin casting the solutions onto the silicon 
wafers at 1000 rpm for 30s, followed by annealing in a vacuum oven at 100 oC for 2 h. 
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Measurements of film thickness are not reported here, but they exceed the range of van 
der Waals interactions (10 nm) to negate any effects by the underlying silicon substrate 
on the polymer-pollen interactions. 
 
5.2.2 CONTACT ANGLE MEASUREMENT 
 
Static contact angles for water were measured on the different polymer films 
using a video contact angle 2500XE system (AST products, Billerica, MA). A 1 μl drop 
was dispensed separately onto the sample surface. Both the right and left angles between 




Short ragweed (A. artemisiifolia) non-defatted pollen grains were purchased from 
Greer Labs (Lenoir, NC) and stored at 4 oC prior to use. Some dry pollen grains were 
frozen in Tissue-Tek® O.C.T. (Optimal Cutting Temperature) Compound (Tissue-Tek, 
4583, Sakura Finetek, Torrance, CA, USA), and cut into 5-μm thick sections using a 
cryostat (Cryo-Star HM 560 MV, Microm, Waldorf, Germany) for examination of their 
cross-sections using the scanning electron microscope. 
 
5.2.4 ATTACHMENT OF POLLEN GRAINS TO AFM PROBES 
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Three sets of AFM measurements with the polymer surfaces were conducted on a 
Pico Plus atomic force microscope (Molecular Imaging Inc., Tempe, AZ). Tipless 
rectangular cantilevers with nominal spring constants of 0.02 – 5 N/m (Applied 
NanoStructures, Inc., Santa Clara, CA) were used. Single pollen grains were glued to the 
AFM cantilevers with a small amount of epoxy resin using a procedure described in 
detail elsewhere.88 The cantilevers with pollen-grain attached are shown in Figure 5 – 1. 
Three tipless cantilevers each with a pollen grain attached to the free end were used for 
the adhesion force measurements. The actual spring constants for the cantilevers with the 
attached pollen grains were determined separately to be 0.007, 0.009 and 0.576 N/m 
using the thermal spectrum fit methods of Burnham110 and Hutter et al111.  About 25 
force-distance curves were measured for each pollen tip and polymer surface 
combination, taken on three separate polymer samples within three randomly chosen 10 
μm by 10 μm areas on each polymer substrate surface.  
 
Two additional pollen-attached cantilevers (pollen grains 4 and 5) with spring 
constants of 0.29 and 0.65 N/m respectively were used for compressive tests on Si under 
varying humidity with a Nanoscope IIIa (Veeco, Santa Barbara, CA) scanning probe 
microscope. The details are given in the next two sections. 
 
5.2.5 CONTROL AND VARIATION OF RELATIVE HUMIDITY 
 
Unless specified otherwise, relative humidity in the laboratory under ambient 
conditions for the Pico Plus AFM force measurements was at 40%. The Nanoscope IIIa 
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AFM was enclosed in a humidity-controlled glass chamber. To see the impact of 
humidity on the AFM force measurements, the relative humidity was varied for two sets 
of controlled adhesion force experiments involving pollen grains 4 and 5 on hydrophilic 
piranha-etched silicon wafers. Relative humidity of 20% and 60% was achieved 
separately by flowing pure nitrogen gas to the positive pressure chamber of Nanoscope 
IIIa in the former and bubbling the nitrogen gas through two glass columns of water for 
the latter.  
 
5.2.6 COMPLIANCE TESTING OF THE POLLEN GRAINS 
 
All 5 pollen grain-attached AFM cantilevers were subjected to varying applied 
force loadings to determine the point of their compliant yielding. This was done to ensure 
that force measurements were taken only in the region where the pollen grains were not 
deformed by the applied force. The typical applied load for our force measurements 
during contact was 2.4 ± 0.3 nN, and no permanent deformation of the pollen grain tip-
cantilevers were found (Figure 1). Figure 5 – 2 shows the maximum applied loads and 
retraction curves of pollen grains 4 and 5 on a silicon surface at 20% and 60% relative 
humidity, and no compliance of the grains was observed for the approach curves. The 
plateaus in Figures 5 – 2(a), (b) and (d) indicate that the limit for the photo detector was 
reached and that the average maximum pressure was around 0.5 GPa if we assume only 
one spike was in contact with the surface. 
 
5.2.7 SURFACE ROUGHNESS 
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To investigate whether surface roughness was a factor in the adhesion force 
measurements, we used a ThermomicroscopesTM Explorer AFM (Veeco Metrology Inc., 
Santa Babara, CA) with V-shaped silicon nitride cantilevers of nominal spring constant 
0.10 N/m to measure the mean (Ra) and root-mean-square (RMS) roughness of each 
surface-coating. For each of three random 10 μm x 10 μm scans of the substrate surfaces, 




Pollen grain 1 Pollen grain 2 
Pollen grain 3 Pollen grain 4 
Pollen grain 5 
Figure 5 – 1. Scanning electron micrographs of ragweed pollen grains glued to the end of 
tipless AFM cantilevers. The white scale bar represents 3 μm for pollen grain 1 and 10 
μm for grains 2 – 5. Pollen grains 4 and 5 were not sputtered with gold prior to the SEM 
imaging. Note the absence of any visible contamination on all 5 cantilevers’ pollen 
surfaces after repeated force measurements with multiple surfaces. 
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5.2.8 SCANNING ELECTRON MICROSCOPY (SEM) 
 
The modified ‘colloidal’ AFM probes were characterized by scanning electron 
microscopy (SEM) (LEO 1530 FEG). This was done after all force measurements were 
finished on PA6, PA66, PA12 and PS. Only pollen grains 1 – 3 were sputtered with gold; 
all 5 probes were mounted on metal stubs using carbon tape and an accelerating voltage 





Figure 5 – 2. Typically observed deflection-distance curves for pollen grains 4 and 5 on 
Si: (a) pollen grain 4 at 20% relative humidity; (b) pollen grain 4 at 60% relative 
humidity; (c) pollen grain 5 at 20% relative humidity; (d) pollen grain 5 at 60% relative 
humidity. The plateaus at 0 nm Z position indicate the limit of the Nanoscope IIIa 
photodetector for our applied loads, and the grains were subjected to a maximum pressure 




5.3 RESULTS AND DISCUSSIONS 
 
Figure 5 – 3 shows the adhesion forces of the pollen grains 1 – 3 with different 
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Figure 5 – 3. Bar graphs of the adhesion forces between the pollen attached AFM tips 
with various polymer surfaces at 95% confidence level.  
 
They range between 7 nN and 13 nN, and adhesive forces for all 3-different 
pollen grains for the same surface overlap with one exception (grains 2 and 3 on all 4 
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polymer surfaces). It is most notable that there is no significant difference in adhesion 
force for the same pollen grain with different polymer substrates. Adhesive interactions 
and elastic deformation are related, especially in the case of compliant sample surfaces 
such as many biological and soft polymer surfaces.112 However, from our previous AFM 
study of the same set of polyamides and polystyrene92, the maximum elastic deformation 
of the polymer surface had no significant contribution to the adhesion force. Surface 
roughness, as an indicator of morphology, can have an effect on adhesion. Table 5 – 1 
shows the roughness parameters Ra and RMS of the spin coated polymer surfaces.  
 
Table 5 – 1. Surface roughness of the various substrate surfaces. Note. Uncertainty is 
95% confidence interval.  ±





±  15.0 
79.7 
±  4.2 
5.4 
±  0.9 
4.9 
±  0.5 
0.2 
±  0.2 
RMS (nm) 111.7 ±  18.4 
100.3 
±  5.2 
7.0 
±  1.3 
6.1 
±  1.1 
0.3 
±  0.2 
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If roughness is an important factor, then rougher surfaces such as those of N6 and 
N66 should exhibit stronger adhesion forces. But as seen in figure 3, this is not the case. 
PA12 has a smoother surface yet adhesion forces are higher with the pollen grain (though 
with overlapping error bars) on average than with N66 which is rougher.  
 
Given the unique spiky surface morphology of the ragweed pollen grain, it is 
possible that that we can have two or more spikes adhering to the polymer substrate 
surface. In about 10% of cases, we observed the attachment and detachment of 2 pollen 
spikes to the polymer surface, as shown in Figure 5 – 4. 
 
------ Approach Curve 
------ Retraction Curve 
Figure 5 – 4. A deflection-distance curve suggesting sequential attachment and 
detachment of two pollen spikes to polymer surface. The red and blue vertical lines are 




In nature, pollen presents significant allergenic potential only in the form of 
respirable-sized proteins smaller than ~1 μm. Such small particles are produced by 
osmotic rupture when intact pollens (>10 μm) are exposed to water or just simply from 
the drying of fresh pollen grains as they are released into the atmosphere113, 114. These 
fragments can then be inhaled deeply into the lungs, or capillary and van der Waals 
forces bind them to larger particles, including intact pollen grains115. There are 
suggestions that these protein-containing particle fragments could present surface 
chemistry and contact geometry different from the pollen exine surface. In the case of 
intact ragweed pollen, protein is believed to be transported from the protoplasm to the 
external environment via pores on the grain surface as seen in Figure 5 – 5113, 115, 116. In 
these cases, proteins might contribute functional groups that could form hydrogen bonds 
with polyamides. 
 
Figure 5 – 5. Electron micrograph of a section of the ragweed pollen grain exine surface 
after repeated adhesion force measurements with multiple polymer substrates. The white 




To test for the presence of specific interactions in the adhesion, , we used one of 
the pollen-attached AFM tips (pollen grain 1) after the gold sputtering and SEM imaging 
to measure the adhesion force with polystyrene of various molecular weights. We also 
measured the adhesion forces with a hydrophilic piranha-etched Si wafer. Table 5 – 2 
shows the static water contact angle of the various substrate surfaces while Figure 5 – 6 
presents the adhesion force data of the gold-coated pollen AFM tip (pollen grain 1) with 
PS of varying molecular weights and silicon.  
 
 
Table 5 – 2. Static water contact angle of the substrate surfaces. Note. Uncertainty is 
95% confidence interval. ±




±  1.0 
67.1 
±  0.6 
72.8 
±  1.8 
90.6 
±  0.7 
13.3 






















Figure 5 – 6. Bar graphs of the adhesion forces between a gold-coated pollen attached 
AFM tip (pollen grain 1) with polystyrene of varying molecular weights and silicon at 
95% confidence level. 
 
The combination of this second set of pollen AFM direct force measurements 
with the first set from Figure 5 – 3 supports the hypothesis that pollen generally adhere to 
natural surfaces mainly via non-specific intermolecular (van der Waals) forces. Firstly, 
there was no significant change in the magnitude of adhesion forces compared to the 
earlier non-gold coated pollen tip force data, and the forces were approximately constant 
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for both the polystyrene and silicon surfaces. We had adjusted the voltage during the gold 
sputtering for SEM imaging such that the gold layer on the pollen grain is very thin (< 5 
nm) and this would remove any specific interactions on the pollen surface and not van 
der Waals forces. We did not see any evidence of electrostatic interactions. The force 
approach and retraction curves did not overlap entirely and there was the distinct jump of 
the tip from the surface upon retraction at the pull-off distance where there is no net 
attractive or repulsive force between the tip and the substrate surface. Thirdly, if specific 
interactions were governing, the adhesion forces after gold sputtering should be 
significantly different from that prior to the gold coating. The gold layer would have 
presumably prevented the short-range contact with the substrate surface necessary for 
specific interactions. But in the case of the PS with MW = 100,000, the adhesion forces 
remained about the same before and after gold sputtering. Lastly, from Figure 2 the 
hydrophilic piranha-etched Si surface had similar adhesion forces with the pollen tip, 
indicating that capillary forces from 20% – 40% relative humidity do not play a very 
significant role in dry pollen adhesion to surfaces. The big difference in the water contact 
angles in Table 2 and similar adhesion forces across the different polymer surfaces do not 
favor a capillary mechanism and there is no decrease in adhesion forces for the 
hydrophobic PS compared to piranha-etched hydrophilic silicon. Capillary forces may 
play a role when relative humidity is greater than 60% (which is the humidity limit for 
our experimental set-up) and on hydrophilic surfaces117.   
 
We varied the molecular mass of polystyrene used as a substrate to see if polymer 
chain entanglement or surface hardness is a factor in adhesion.  As molecular mass drops 
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from 100000 to 1000, the glass transition temperature of polystyrene drops dramatically 
from ~100 C to ~38 C.118 From Figure 5 – 6, there is no conclusive evidence to suggest 
this might be happening since PS of different molecular weights generates adhesion 
forces which are not significantly different from one another.  
 
Van der Waals forces are the weakest of all intermolecular forces, but are 
universally present.42 Adhesion to any surface utilizing just non-specific van der Waals 
interactions alone is possible. However, a large number of these interactions would have 
to be present simultaneously between two surfaces to generate a strong enough adhesive 
force relative to the size of the smaller object. This means contact area between the two 
surfaces must be maximized. As shown in figures 1 and 5, the spiked geometry 
characteristic of ragweed pollen exine may have been Nature’s way to use pollen wall 
morphology combined with weak intermolecular forces, rather than specific chemistry, 
for adhesion. Further, the SEM micrograph (Figure 5 – 5) does not show any noticeable 
wearing or chipping of the pollen spikes during the repeated adhesion force 
measurements. This can be inferred by measurements with different tips which show 
similar adhesion behavior with no strong dependence on the particular pollen-tip chosen. 
The highly compressive tests in Figure 5 – 2 show the resilience and strength of the 
pollen exine structure. Given that the typical ragweed pollen is spherical in nature, such a 
design increases rather than reduces the force of adhesion as it increases the number of 
contact points. After all, a perfect sphere has only one point of contact with a flat surface.  
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If we assume that the tip of the spike of the pollen grain is a hemisphere (radius, R 
~ 17 nm, from Figure 5 – 5), and is separated by a distance D from an infinitely large, flat 
surface, we can estimate the adhesion force of one exine spike to the surface by42: 
26D
RAF H=      (5 – 1) 
Where AH is the material dependent non-retarded Hamaker constant and for bioparticles it 
is typically 0.5 – 2 x 10-19 J for interactions in air31; D = 0.165 nm the nominal value used 
for cut-off separation. This theoretical estimate gives an adhesion force for an exine spike 
to be between 5 - 20 nN. From Figure 5 – 3, our ragweed pollen grain has an average 
measured adhesion force of about 7 – 13 nN, which is well within the range of the 
predicted adhesion forces. These values, together with the deflection-distance curve in 
Figure 5 – 4 support the contention that only one or at most two spikes are in contact with 
a flat surface at a given moment, and that a rough surface will increase adhesion. Given 
the limitations of our knowledge about the exine spike morphology, orientation upon 
contact with a surface as well as its material (optical and dielectric) properties, our 
‘colloidal’ probe method allows us to determine the adhesion force of a single pollen 
exine spike accurately by utilizing the AFM.  
  
The pollen exine represents the outer layer of the grain and is composed of 
sporopollenin, a complex polymer consisting of carboxylic acid groups joined to 
saturated and unsaturated aliphatic chains with varying amounts of aromatics119-121. We 
would expect that dispersion (London) forces will be the primary interaction between the 
pollen grain with the various surfaces.  As a result, it is not surprising that the adhesion 
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forces across the various surfaces are similar in magnitude, even after the gold coating 
(Figure 5 – 7). While the exact thickness of the sputtered gold coating on the pollen AFM 
tip is not known, it was less than 10 nm (and within the range of van der Waals 
interactions). The adhesion forces did not change significantly when the gold was 
present. 
 
How might this dependence on van der Waals forces for adhesion by pollen aid us 
in providing useful design principles for indoor carpet and upholstery materials? 
Ragweed pollen grains, like gecko setae122-126, adhere to surfaces depending mainly on 
surface contact geometry rather than on surface chemistry. More work can be done with 
regards to minimizing pollen adhesion to surfaces. While surface hydrophobicity is no 
guarantee of adhesion or repulsion as shown above, materials such as fluorohydrocarbons 




We have shown here that ragweed pollen grains adhere primarily by geometry 
rather than surface chemistry, but questions remain as to their contact morphology with 
substrate surfaces and how this relates to their strong surface adhesive forces. Our 
estimates show that van der Waals forces account for the bulk of the measured adhesion, 
with negligible contributions from capillary forces. Characterization of low surface 
energy materials that serve as promising candidates for the manufacture of self-cleaning 
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carpet will be necessary before we can address the issue of protective and preventive 





CONCLUSIONS AND  




The purpose of this research was to use the atomic force microscope (AFM) to 
measure adhesion forces between selected relevant bioparticles (such as E. coli bacteria 
and ragweed pollen grains) and surfaces consisting of a series of polyamides (PA6, PA66 
and PA12) and polystyrene (PS), materials that are prominent in carpeting, upholstery, 
and other indoor surfaces. This work showed how information about the work of 
adhesion, contact radii at the particle – polymer interface and Hamaker constants of the 
probe – surface interactions could be extracted from adhesion force measurements. 
 
First, a measurement technique was developed to quantify the adhesive 
interactions between polymeric carpeting materials. The probe tips were coated with the 
polymers using a micropipette containing the dilute polymer solution attached to a 
micromanipulator. Adhesive forces were measured between the AFM tips (polymer – 
coated and unmodified) and planar surfaces of the same series of polymers. Several 
interesting characteristics were observed from the force – distance measurements. All 
adhesion forces were in the range of 1.5 – 8 nN, with the weakest force observed for an 
unmodified AFM tip with a PS surface and the strongest between a PS – coated tip and a 
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PS surface. Adhesion forces between the two most dissimilar (PA6 – PS and PA66 – PS) 
materials were found to be significantly asymmetric – the forces were different 
depending on the relative placement of each polymer on the AFM tip or substrate. 
Materials with similar chemistry and intermolecular interactions yielded forces in close 
agreement regardless of placement on the AFM tip or substrate. 
 
Calculation of the tip – substrate surface contact radii was done by using the 
experimental forces via four models: Derjaguin, Muller, and Toporov (DMT); Johnson, 
Kendall, and Roberts (JKR); parametric tip – force distance relation (PT/FDR) and a 
square-pyramid-flat-surface (SPFS) model developed herein. The SPFS model was found 
to give the most reasonable contact tip radius estimate, falling in the range that is 
typically reported for tip radii in AFM force – distance measurements. Hamaker 
constants calculated from the SPFS model using this radius agreed in both magnitude and 
trends with experiment and Lifshitz theory. 
 
This approach of using polymer-coated AFM tips to measure polymer – polymer 
adhesion forces was then extended to quantify the adhesive interactions of E. coli 
immobilized on a substrate with the polymer-coated AFM tips. The adhesion forces for 
the tip-bacterial interactions were in the range between 2.9 and 6.7 nN, which is of the 
same magnitude as the polymer-polymer interactions for the same series of polymers.  
Polystyrene had stronger adhesion with E. coli than any of the three polyamides, by an 
average factor of 1.4.  One of the plausible reasons is the presence of carbohydrate – 
aromatic interactions between the bacterium cell surface and PS aromatic rings. The work 
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of adhesion and Hamaker constants of the probe – surface interactions were calculated 
using the SPFS model. 
 
For the study of the adhesive behavior of short ragweed pollen grains to polymers, 
single pollen grains were attached to the free end of a tip – less AFM cantilever. 
Humidity and pollen compliance were investigated as potential artifacts, but were shown 
to be insignificant under the measurement conditions. A typical pollen grain had an 
average adhesion force of 10 ± 3 nN to a flat polymer surface, independent of surface 
type. We conclude that van der Waals forces are the primary mechanism for adhesion and 
that the number of contacts formed, and hence the total force, is controlled by the 
presence of spiky growths on the pollen surface. 
 
The AFM provided reliable, quantitative and reproducible adhesion force data for 
the selected bioparticles and polymer substrate surfaces, and information on additional 
parameters such as the work of adhesion, contact radii at the particle – polymer interface 
and Hamaker constants of the probe – surface interactions could be easily extracted from 
the adhesion force measurements. The AFM can be used to help develop accurate 
adhesion contact models based on a fundamental understanding of particle affinities with 
polymers utilized in carpet and as a characterization tool for the development of newer 





6.2 RECOMMENDATIONS FOR FUTURE WORK 
 
The AFM has been used to probe the nanoscale adhesive interactions between a 
diverse variety of surfaces as it is a useful tool for adhesion characterization. The 
research presented here shows how the ‘coated-tip’ and ‘colloidal probe’ methods, 
applied in this work for the measurement of E. coli and ragweed pollen adhesion to 
polymers respectively, makes it possible to measure micron-sized particle interactions 
with surfaces. It would be interesting to investigate if similar methodologies could be 
implemented to other bioparticles of interest such as fungi spores and other types of 
bacteria and pollen which are of different surface geometries and to develop suitable 
contact geometry adhesion models to describe their adhesion and release profiles.  
   
For decades, manufacturers have chemically-treated carpet to impart resistance to 
water, soil, and oil-based staining.  Anti-soiling treatments function by limiting the 
wettability of water and oils, and by reducing the adhesion of solid soil particles.  The 
treatments nowadays are dominated by the addition of perfluoroalkyl compounds127 
through co-polymerization with the hydrocarbon co-monomers. Maximum repellency is 
achieved with polymers with perfluoroalkyl side chains containing more than 7 carbons.  
Fibers are also adjusted make it harder as harder fibers show reduced contact area and 
hence lower adhesion energy with solid particles.  Commercial treatments have been 
reviewed by Kissa128. The quantitative impact of bioparticle adhesion to such 
fluoropolymers is unclear, and the AFM ‘colloidal probe’ method is well suited to 
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conduct a detailed contact mechanics analysis on the effectiveness of the fluoropolymers 
in minimizing bioparticle adhesion be it bacteria, pollen grains or fungi spores.  
 
Nylon fibers present a special challenge, as even with fluorochemical anti-soil 
treatments, permanent staining is possible if staining agents are not removed quickly.  
This occurs due to chemisorptions of acid dyes prevalent in foods and beverages onto 
Nylon’s amine end groups.  In the 1980s DuPont and other manufacturers began to 
commercialize stain-blocking treatments based on anionic hydrocarbons such as phenol-
formaldehydes (syntans), styrene-maleic acid copolymers, and methacrylic acid 
copolymers added during spinning or as a post-mill finish of Nylon.  These polymers 
diffuse into the filaments to block Nylon end groups from acid staining agents.  Details of 
the adsorption of such commercial formulations on Nylons have been discussed 
elsewhere129. The influence of the anionic stain-blocking agents on the adhesion of 
bioparticulates is less clear, mainly due to the presence of numerous functional groups on 
the typically-used stain blockers. They may play a role by modifying the adhesion with 
Nylon or by countering the expected diminished adherence due to the fluoroalkyls. It 
would be interesting to see if there is any significant change in adhesion forces between 
bioparticles with these modified carpet polymers from the unmodified nylon. 
 
Finally, there is no method currently that incorporates differences between 
particle species, fiber treatments, or particle fragments into indoor air quality models. 
Opportunities thus exist in using the AFM to set up a database of adhesion forces and 
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further humankind’s understanding of the adhesive energy required to release particles 
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